NEUROINFLAMMATORY CONDITIONS MODULATE ARNT2 AND RME-8
EXPRESSION WITHIN THE CNS
by

Adam Christopher Yu

B.MLSc., The University of British Columbia, 2014

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE
in
THE FACULTY OF GRADUATE AND POSTDOCTORAL STUDIES
(Pathology and Laboratory Medicine)

THE UNIVERSITY OF BRITISH COLUMBIA
(Vancouver)

July 2016

© Adam Christopher Yu, 2016

Abstract

Microglia are the primary immune cells found within the central nervous system (CNS), playing
a vital role in neuronal function, trophic support and also modulating immune or inflammatory
responses to pathogens or damage during disease. Microglia are essential to repair processes
influencing axonal health and remyelination. However, the study of microglia is limited as
significant yields of microglia through tissue culture are difficult to obtain. We show that the
addition of granulocyte macrophage colony-stimulating factor (GM-CSF) during the culture of
embryonic microglia yields significantly greater cell numbers. GM-CSF cultured microglia
exhibit a non-differentiated phenotype similar to in vivo microglia and represent a useful model
for disease and reparative processes in the CNS.

Using our primary microglial model, we investigated two proteins, Aryl hydrocarbon receptor
nuclear translocator 2 (ARNT2) and receptor-mediated endocytosis – 8 (RME-8). ARNT2, a
transcription factor for several proteins but most notably for the neuronal growth factor, brain
derived neurotrophic factor (BDNF), has been primarily studied in neurons. Our studies show
regulation of ARNT2 in astrocytes and immune cells (microglia and splenocytes) under
inflammatory conditions. In the experimental autoimmune encephalomyelitis (EAE) model,
splenocytes exhibited lower ARNT2 expression than those from healthy controls.
Lipopolysaccharide and interferon-γ increased otherwise low ARNT2 expression in microglia.

RME-8 is a protein that is important in endosomal trafficking. Mutations in RME-8 have been
linked to Parkinson’s disease and essential tremor. However, RME-8 has yet to be characterized
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within the CNS. Motor neurons, astrocytes and ependymal cells expressed RME-8 in healthy
control mice; RME-8 was increased and co-localized with CD68 positive cells in immune
infiltrates in EAE mice. Our results show the uptake of dextran in RME-8 mutant knock-in
microglia is decreased, indicating the importance of this protein in phagocytic processes.

These results show that microglia can be effectively cultured from embryonic tissue with the
addition of GM-CSF in comparison to previously established protocols and are similar to
microglia in vivo. Furthermore, inflammatory mediators influence expression of ARNT2 and
RME-8 and may highlight roles for each in neuroprotection or phagocytic function respectively,
thereby influencing inflammatory neurodegenerative or reparative processes relevant to several
diseases in the CNS.
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Chapter 1: Introduction
1.1

Glial cells
The central nervous system (CNS) consists of a heterogeneous population of cells where

glial cells outnumber neurons 50 to 11. Of these glial cells, astrocytes make up 20 to 40% of all
glia while microglia make up 10-20% of all cells within the brain2,3. Microglia are the main
myeloid-derived immune cell found in the brain and spinal cord4. During embryogenesis,
microglial progenitor cells infiltrate the brain from the yolk sac5. Microglia are important in
supporting neuronal function and survival by clearing foreign pathogens and responding to
insults within the CNS6. Astrocytes are essential in the maintenance and support of the bloodbrain barrier and also provide trophic, metabolic, and structural support for neurons7.
Oligodendrocytes are another type of glia with their main function being the myelination of
axons within the CNS8. Consequently, oligodendrocytes are crucial to the functioning of the
CNS by decreasing capacitance and increasing overall electrical resistance across the axolemma,
necessary for adequate propagation of nerve impulses and saltatory conduction8. Other
supporting glial cells include ependymal cells that are important in the movement and secretion
of cerebrospinal fluid for the clearance of metabolic waste9. Ependymal cells line the central
canal and the ventricular system9. The last glial cell of the CNS is the radial glial cell. Radial
glial cells are bipolar in morphology and are the primary progenitor cells that can differentiate
and give rise to neurons, astrocytes, and oligodendrocytes10.

1.1.1

Astrocytes
Astrocytes are able to regulate the blood-brain barrier by extending perivascular endfeet

that surround the microvasculature forming the glial limitans11. The glial limitans form a
1

physical barrier that prevents the entry of various molecules into the CNS and can upregulate the
expression of tight junction proteins between endothelial cells during brain development12.
Neurons are able to communicate and connect with astrocytes where the release of
neurotransmitters into the synaptic cleft can be taken up by astrocytes assisting with proper
synaptic functioning by metabolizing neurotransmitters13. Astrocytes also have the ability to
undergo glycogenesis. This allows them to create large stores of glycogen for later release as
glucose to support neurons during periods that require high rates of glucose metabolism or
periods of glucose shortage14,15. Astrocytes further support the function of neurons by taking up
excess potassium ions in the extracellular space to prevent inappropriate depolarization of
neurons16. In several neuropathological conditions, astrocytes become activated and begin to
rapidly proliferate which upregulates the synthesis of intermediate filaments such as glial
fibrillary acidic protein (GFAP) in response to damage in the CNS17-20. This allows for gliosis to
take place: the formation of a glial scar where glial processes extend into regions of
neurodegeneration after a pathological event17. Predominantly, astrocytes are identified
histologically by GFAP expression. While not all types of astrocytes constitutively express
GFAP, it remains the primary stain to identify or localize their presence in analyses of tissues in
pathological analyses both in experimental as well as in clinical settings17.

1.1.2

Microglia
Microglia are the sensors of pathological events within the CNS. Microglia are able to

undergo phenotypic changes under several CNS conditions and diseases, becoming intensely
ramified and positive for the expression of ionized-calcium binding adaptor molecule 1 (Iba-1), a
classic marker of microglial activation21. Microglia can be characterized by their state of
2

activation, reflected by changes in morphology and the production of inflammatory mediators.
Amoeboid microglia are round in shape with small processes and are motile for scavenging
debris for phagocytosis22. Quiescent ramified microglia have thin branching processes
throughout the neuropil of the CNS. Quiescent ramified microglia will undergo a morphological
change where their processes are retracted and thickened upon activation.
Changes within the extracellular matrix through the release of various factors including
potassium and adenosine triphosphate (ATP) from damaged neurons are able to activate
microglia23. Once activated, microglia are able to secrete several inflammatory cytokines
including interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), and interleukin 1-beta
(IL-1β), and reactive oxygen (ROS) and nitrogen species (RNS) such as hydroxyl radicals and
nitric oxide24,25. The subsequent release of these inflammatory mediators, just as in the periphery,
plays an important role in regulating the reparative process of the CNS after injury. The
phagocytosis of apoptotic cells, cellular debris, invading bacteria or viruses, or other foreign
materials is crucial to allow the CNS to return back to healthy conditions26.
Activated microglia have been found to play a role in plaque formation, dystrophic
neurite growth, and excessive tau phosphorylation that worsens disease conditions in several
neurodegenerative disorders27. The sustained release of ROS results in oxidative stress where the
excess formation of peroxides and free radicals can damage and disrupt cellular components.
This includes proteins, lipids, and DNA which initially alter cell function but over time, causes
neurodegeneration and ultimately cell death28.
In order to understand and characterize the function of microglia, the ability to isolate and
culture these cells is an area of great importance. The establishment of primary cultures that most
accurately reflect the morphology and function seen in vivo is considered more pertinent than
3

immortal cell lines which have undergone significant mutation or selection via passaging in
order to be immortalized. Current methods for the isolation of primary microglia require a
relatively high volume of cerebral tissue relative to the number of microglia yielded.
Consequently, a method that reduces the amount of nervous tissues needed with a higher yield
and purity of microglia is crucial to advance the research and further our understanding of the
role of microglia in disease pathogenesis.
A potential method to improve the number of microglia yielded for in vitro studies can be
achieved through growth factors such as colony stimulating factors (CSF) to stimulate
proliferation and differentiation 29,30. Granulocyte macrophage colony stimulating factor (GMCSF), a protein that belongs to the family of CSFs, promotes the proliferation of myeloid derived
cells including granulocytes in the lymphoid organs, or in the CNS, microglia, and has been used
previously to culture bone marrow-derived dendritic cells 31,32.

1.2

Neurodegeneration of the CNS
There are several different factors as well as processes that contribute to

neurodegeneration within the CNS, such as protein misfolding, mitochondrial dysfunction,
genetic predisposition, and aging33. Protein misfolding results in several different proteopathic
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, amyotrophic lateral sclerosis, and
prion disease34. In several of these conditions the accumulation and aggregation of misfolded
proteins such as α-synuclein, tau, and β-amyloid within neurons can cause toxicity34. Misfolded
α-synuclein can cause neuronal toxicity through the damaging of the cell membrane causing
vesiculation and membrane curvature35.
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Mitochondrial dysfunction has also been linked to neurodegeneration where dysfunction
can result in the excess formation of intracellular ROS and subsequent oxidative stress28.
Oxidative stress can then go on to damage intracellular organelles resulting in cell death by the
induction of apoptotic pathways through an influx of calcium into the cytoplasm of the
cell28,36,37. Mitochondrial dysfunction has also been linked to energy imbalances where glutamate
excitotoxicity depletes cellular ATP resulting in the induction of cellular necrosis38. Glutamate
excitotoxicity is thought to play a role in multiple sclerosis (MS) pathogenesis39,40.
The alteration and disruption of axonal transport can also result in neurodegeneration.
The disruption of axonal transport proteins kinesin, dynein, and microtubule-associated proteins
can result in the accumulation of vesicles and organelles and can be caused by tau
accumulation41,42. Disruption to axonal transport can also result in Wallerian degeneration43.
Wallerian degeneration occurs when the axon is cut and is separated from the cell body causing
the endoplasmic reticulum and neurofilaments to degrade, swelling of the mitochondria, and
fragmentation of the remaining axon for phagocytosis43.

1.2.1

The role of inflammation in CNS injury and disease
Several of these functions of both astrocytes and microglia arise as a response during

neuroinflammatory and neurodegenerative conditions, including viral and bacterial infections,
traumatic brain injury, or autoimmunity44-46. Microglia undergo a phenotypic change and become
activated in response to invading pathogens or tissue damage resulting in the release of soluble
inflammatory mediators such as inducible nitric oxide (iNOS), TNF-α, IL-1β, IFN-γ, and
CCL247,48. Although the inflammatory response is initiated to help protect and repair the CNS in
traumatic or infectious conditions, the continued activation of microglia and astrocytes and the
5

consequent overproduction and accumulation of pro-inflammatory mediators such as ROS can
ultimately lead to neurotoxicity. The accumulation of pro-inflammatory cytokines such as TNF-α
has been shown to induce apoptosis of neurons through the binding of the p55 receptor49.
Sustained inflammation also results in increased complement deposition and complementmediated damage to which neurons are highly susceptible 49-51. Activated microglia are major
contributors to this cytokine release and subsequent direct and indirect types of damage.
RNS such as nitric oxide and peroxynitrite produced by microglia cause DNA, protein,
and lipid damage that disrupt neuronal function, resulting in cell death25. The presence of ROS,
RNS, and also the release of cytokines can contribute to alterations and ultimately a breakdown
of the blood-brain barrier52. These factors increase its permeability, as well as cause the
upregulation of adhesion molecules that are important in leukocyte-endothelial cell migration52.
This allows for the infiltration by other immune cells such as T cells, B cells, and macrophages,
which can exacerbate certain inflammatory neurodegenerative diseases such as in multiple
sclerosis (MS)53-55.

1.2.2

The role of inflammation in CNS repair
Although inflammation in the CNS can result in the development of several

neurodegenerative processes, inflammation is also beneficial and imperative for the repair and
restoration of the CNS. In response to a brain insult, astrocytes become activated, extending their
processes into the site of tissue damage, releasing cytokines17. Astrocytes also contribute to the
formation of the glial scar17. Although the formation of the glial scar inhibits axonal regeneration
and remyelination, neuronal loss is increased when this process is inhibited, suggesting that glial
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scars are somewhat neurotrophic56. Glial scarring also allows for the repair of the blood-brain
barrier and axonal remyelination56.
Microglia have been shown to be important in the repair of the CNS. The phagocytosis of
cellular debris at the site of tissue damage plays a fundamental role in the reorganization of
neuronal circuits and the initiation of neuronal repair26. Microglia are also able to secrete
cytokines and chemokines that are important in the recruitment of oligodendrocyte precursor
cells to the site of axonal damage enhancing remyelination57.

1.2.3

Multiple sclerosis
MS is a disease of the CNS that can result in motor, vision, and speech impairment,

cognitive dysfunction, ataxia, and paralysis and is a classic example of inflammatory
neurodegeneration58. Canada has the highest incidence of MS worldwide59; women are three
times more likely to develop MS than their male counterparts60. The cause of MS is still
unknown. However, there are several factors that are thought to contribute to the onset of the
disease, such as geographical location and infections involving the Epstein Barr virus61. Other
factors include genetic susceptibility where human leukocyte antigen – antigen D Related (HLADR) variants have been associated with MS that can be influenced by various environmental
factors such as smoking, stress, and exposure to toxins62-65. The hyperactivity of the immune
system is thought to drive the pathogenesis of the disease, where autoreactive myelin-specific T
cells mediate inflammation58. T cells are thought to invade the CNS through disruptions in the
blood-brain barrier and are able to recognize myelin protein as a foreign pathogen, resulting in
the release of cytokines and the recruitment of other immune cells58. Such cytokines include
IFN-γ and TNF-α, which are both found in abundance in MS lesions66,67. Inflammatory cells are
7

thought to be key contributors to oxidative stress, demyelination, and neuronal cytotoxicity68,69.
The activation of the iNOS pathway and the formation of nitric oxides are expressed primarily
by activated microglia and macrophages, causing oxidative stress and neuronal damage25. The
resulting demyelination exposes the axon to these inflammatory mediators, causing axonal
damage and loss, giving rise to the clinical symptoms seen in the disease70.
The pathogenic hallmarks of MS include inflammatory infiltrates, demyelination of
axons, loss of oligodendrocytes, and axonal damage and loss, resulting in the formation of
plaques71. Within these MS plaques, microglia and macrophages contain phagocytosed myelin72.
As well, a higher concentration of IFN-γ is seen within these plaques with astrocytes and
microglia expressing the antigen presentation molecule MHC class II73. IFN-γ is able to
upregulate the expression of MHC class II and T cell co-stimulatory molecules CD80 and CD86
needed for T cell activation in microglia74,75.
Currently there is no cure for MS. However, there are several treatments that slow the
progression of the disease. Current therapeutics include the administering of interferon-β 1a/1b
(Betaseron®), which is thought to help balance the expression of pro- and anti-inflammatory
mediators and by reducing the amount of immune cells that are able to cross the blood-brain
barrier76,77. Glatiramer acetate, a polymer of four amino acids (Glu, Lys, Ala, and Tyr) found in
myelin basic protein (MBP), is another treatment that is thought to divert the immune response
and the conversion of pro-inflammatory Type 1 T helper (Th1) cells to anti-inflammatory Type 2
T helper cell (Th2)78. Glatiramer acetate also downregulates IL-17 within the CNS, reducing the
amount of T cells that are polarized to the pro-inflammatory and autoimmune-linked T helper 17
cell (Th17) phenotype79. Betaseron® and glatiramer acetate are first line therapies and have been
shown to reduce relapses by 29-34%, slowing down disability progression moderately76.
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Second line therapies include natalizumab, fingolimod, and mitoxantrone. Natalizumab is
a humanized monoclonal antibody against α4-integrin and is thought to work by preventing
inflammatory immune cells from adhering to the brain microvasculature80,81. Natalizumab
decreased the rate of relapse by 65% and reduced the risk of disability progression to 42% over
two years82. Fingolimod decreased relapse rates by 50% over the course of a year while
mitoxantrone was able to reduce the progression of disability and relapse83,84. However, several
of these immunomodulatory drugs have greater side effects. Natalizumab and Betaseron® have
been associated with an increased risk in progressive multifocal leukoencephalopathy, while
mitoxantrone use can result in cardiac toxicity and increased risk of leukemia85,86.
There are several emerging monoclonal antibody therapies in the treatment of MS.
Recent studies have shown that ocrelizumab, a humanized monoclonal anti-CD20 antibody that
targets B cells, is effective at greatly reducing the amount of lesions seen by MRI in patients with
relapsing-remitting MS and was just identified by the FDA in 2015 as the first disease modifying
therapeutic indicated for progressive MS87. Alemtuzumab is an anti-CD52 monoclonal antibody
that targets lymphocytes88. Alemtuzumab showed a reduction in relapse rates and an increase in
patients who were relapse-free after 2 years in comparison to Betaseron®89.
The majority of these therapies and treatments are currently limited to modulating and
suppressing the immune system. However, there is a lack of therapies that target and improve
neuroprotection, allowing for the potential remyelination, regeneration, and repair of damaged
axons. Current approaches to afford neuroprotection include sodium channel blockers, nitric
oxide blockers, and glutamate agonists. However, several of these compounds can cause severe
toxicity90,91.
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1.2.4

Experimental autoimmune encephalomyelitis (EAE)
The most common model of multiple sclerosis is EAE. EAE can be induced passively or

through active immunization92,93. In the active immunization model EAE, mice are injected with
a mixture of heat-killed mycobacterium tuberculosis along with myelin proteins (myelin basic
protein (MBP), myelin oligodendrocyte glycoprotein (MOG), or myelin proteolipid protein
(PLP)) in mineral oil, a mixture described by Jules Freund known as complete Freund’s adjuvant
(CFA)94. Additional injections of pertussis toxin is used to help permeabilize the vasculature of
the blood-brain barrier to allow for immune cell access to the CNS94. Incomplete Freund’s
adjuvant (IFA) contains the antigen emulsified in mineral oil and water without the addition of
mycobacterium tuberculosis.
The clinical course of disease seen in the EAE model is dependent on several factors that
include the strain or type of animal and the type of myelin protein used94. In C57BL/6 mice that
have been induced for EAE with MOG is characterized by ascending paralysis with the majority
of lesions seen in the spinal cord92.
The pathogenesis of EAE is driven by the phagocytosis of myelin protein by antigen
presentation cells (APCs) such as macrophages and dendritic cells95. These APCs present the
myelin antigen to T cells forming encephalitogenic T cells by MHC class II and CD4 binding
and co-stimulation by CD80 and CD8695. These activated T cells migrate and infiltrate the CNS
by the increased permeability of the blood-brain barrier by the pertussis toxin and the
upregulation of cellular adhesion molecules95. T cells encounter their cognate antigen in the
CNS, and initiate an inflammatory cascade which leads to demyelination: axons are damaged by
cytokine release, direct cell-to-cell cytotoxicity, and myelin-specific antibodies through T cell
mediated cytotoxicity, and B cell and macrophage recruitment95.
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Histopathologically, EAE spinal cords show lesions with immune infiltrates,
demyelination, and neuronal loss secondary to the activation of T cells autoreactive to the myelin
peptide used during immunization96. Consequently, this makes EAE useful for modelling
neurodegenerative disease mechanisms mediated by (autoimmune) inflammatory conditions.
The similarities between EAE and MS include similar histopathology (immune
infiltrates, demyelination, axonal damage and loss), T cell activation, and early spinal cord
neuronal loss97. Differences between EAE and MS include a paucity of active disease or
inflammation in the brain of EAE mice, as well the active role of T and B cells in disease
initiation, and the requirement of vaccination for disease induction90,95,98. Another difference is
the different T cell mediated pathology where principally CD4+ T cells have been shown to
drive disease in EAE while CD8+ T cells are greater contributors to disease in MS99,100.

1.3

Neurotrophic factors in neuronal health and development
Neurotrophins are a family of proteins that act as neurotrophic factors to support neuronal

survival, growth, and differentiation101. Key members include the proteins nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-3 (NT-3)101. NGF is
imperative for the maintenance and survival of sympathetic and sensory neurons and signals
through tropomyosin receptor kinase (Trk) A102. NT-3 is highly expressed in the immature
developing regions of the CNS during embryogenesis, signalling through receptors TrkC and
TrkB101. This is in contrast to BDNF, where expression is lower in developing regions of the
CNS and is increased as these regions mature101.
The glial cell line-derived neurotrophic factor (GDNF) family of ligands is another group
of neurotrophic factors that include the proteins glial cell line-derived neurotrophic factor
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(GDNF), neurturin (NRTN), artemin (ARTN), and persephin (PSPN). GDNF treatment of
midbrain cultures increased survival and promoted differentiation of dopaminergic neurons103.
GDNF and NRTN increased the survival of sympathetic neurons, as well as of sensory neurons
of the inferior vagus and dorsal root ganglia104.
Ciliary neurotrophic factor (CNTF) is highly expressed in sciatic nerves, myelinating
Schwann cells, and astrocytes105. CNTF supports the survival and differentiation of sensory,
sympathetic, and motor neurons105. Motor neuron transection-related degeneration was prevented
with the treatment of CNTF106.

1.4

Aryl-hydrocarbon nuclear translocator 2 (ARNT2)
The release of growth factors by glial cells that act on neurons for the promotion of

neurogenesis also plays an important role in improving neuronal survival107. ARNT2 belongs to
the basic-helix-loop-helix-Per-Arnt-Sim (bHLH-PAS) family of transcription factors and acts as
a binding partner with other bHLH-PAS proteins, forming heterodimers108,109. These
heterodimers bind to DNA regulatory sequences responsive to different stimuli, resulting in the
active transcription of various proteins. This includes the neuronal growth factor, BDNF110,111.
BDNF is expressed by T cells, macrophages, microglia, astrocytes, and neurons112. EAE mice
lacking immune cell-derived BDNF have enhanced axonal loss, while mice deficient in
astrocyte-derived BDNF had an increase in disease severity and axonal damage and loss113.
BDNF has also been shown to be able to repair axons after axonal transection113. Previous
studies of ARNT2 have been focused primarily on neurons and its role in neurodevelopment as
ARNT2 expression is mainly localized to the CNS with some expression seen in the kidneys and
thymus114. ARNT2 knockouts have shown lethality in perinatal mice and induced apoptosis in
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the PC12 cell line115. This suggests a role for ARNT2 as a survival factor. ARNT2 and HIF1α
heterodimerize under hypoxic conditions in the CNS, resulting in the transcription of genes
encoding for proteins responsible for angiogenesis and erythropoiesis116
Our laboratory has shown a decrease in ARNT2 expression over the course of disease in
mice immunized for EAE; transcription of Arnt2 mRNA is downregulated at peak disease (day
18) in EAE mice when the greatest amount of inflammatory infiltrates and axonal damage is
observed (Figure 1.1; Quandt Lab, unpublished data). A decrease in Bdnf mRNA was also seen
when Arnt2 mRNA was decreased. ARNT2 expression appeared to be enhanced in astrocytes
with some ARNT2 staining appearing within the subarachnoid space of EAE spinal cords
(Figure 1.2; Quandt Lab, unpublished data) suggestive of ARNT2 staining within immune cells.
Characterizing the expression of ARNT2 in microglia and astrocytes and how expression
is regulated are key to understanding disease development. With the characterization of ARNT2
for its association with neuronal and axonal health, we can assess its suitability as a potential
novel target in helping prevent and limit the course of inflammatory-mediated neurodegenerative
diseases through glial-mediated neuroprotection.

1.5

Receptor mediated endocytosis – 8 (RME-8)
Microglia have been shown to be crucial regulators in the initiation and maintenance of

both developmental and pathological processes in the CNS. They are key contributors to shaping
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Figure 1.1 Arnt2 and Bdnf gene expression over the course of EAE. (a) Arnt2 and Bdnf decrease in gene
expression significantly by day 18 within the spinal cord of EAE mice (p<0.05). (b) Arnt2 expression increases
significantly at day 7 (pre-onset of disease) within the brain of EAE mice (p<0.05). Mean with standard deviation.
Mann Whitney t-test. (Quandt et al., unpublished data).
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Figure 1.2 ARNT2 expression is enhanced in the white matter of EAE spinal cords. (a) Healthy control spinal
cords show ARNT2 expression throughout the grey matter, with a few cells within the white matter staining positive
for ARNT2. (b) EAE mice at peak disease show an increase in ARNT2 positive cells within the white matter (black
rectangle), with the possible increase in expression coming from glia or immune cells (Quandt et al., unpublished
data).
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neuronal function and are early mediators in damage and repair settings, such as the
remyelination process of axons in demyelinating diseases57,117. The clearance of cell and myelin
debris from areas of inflammation by microglia is important in the repair process and suggests a
crucial role for proteins that mediate clathrin-mediated receptors and endocytosis processes26,118.
This includes receptor mediated endocytosis – 8 (RME-8), a protein involved in endosomal
trafficking119.
RME-8 plays an important role in vesicular trafficking by uncoating clathrin-coated
vesicles and in the regulation of receptor trafficking in early endosomes. RME-8 has been linked
to the CNS with a possible role in neurodegeneration where a mutation in the protein is thought
to have caused hereditary adult onset autosomal dominant Parkinson’s disease120. Mutations in
RME-8 have also been associated with essential tremor121. This suggests that RME-8 plays an
important role in the function of the CNS with a possible role in neuronal health and function. In
studies using the fibroblast-like COS7 cell line that was transfected with a copy of the mutated
RME-8 gene, cells had fewer internalized vesicles after stimulation of the transferrin receptor in
comparison to COS7 cells that carried the wild type version. This suggested that the mutated
copy of RME-8 correlated with a relative loss in function affecting the endosomal pathway.
RME-8 interacts with retromer proteins and the Wiskott-Aldrich syndrome protein and SCAR
homolog (WASH) complex, two group of proteins that when mutated have been associated with
neurodegenerative diseases122,123. This suggests that the role of these proteins is key to neuronal
health, survival, and function. The knockdown of RME-8 disrupts the epidermal growth factor
receptor and mannose-6-phosphate receptor mediated endocytosis shown by irregular perinuclear
clusters of the receptors as well as a decrease in the ligands bound by these receptors122. RME-8
is expressed in macrophage-like coelomocytes in Caenorhabditis elegans, where it co-localizes
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to the membrane of large endosomes with endocytosis markers124. This suggests a possible
function of RME-8 in phagocytic leukocytes.
The characterization of RME-8 expression within the CNS and its functional relevance to
specific cell types such as microglia would further the understanding of endosomal trafficking
within the CNS and how the change in expression of this protein may contribute to disease.

1.6

Hypothesis

1.6.1

Microglia study
We hypothesized that GM-CSF will potentiate the growth of quiescent, non-activated

microglia exhibiting a similar phenotype to microglia in vivo while maintaining their function.
This would result in an effective method to easily generate cultures that mimic microglia in vivo.
To test our hypothesis, we had three aims that were to:
1. Establish primary cellular models of murine microglia.
2. Characterize the expression of inflammatory markers and the morphological changes of
the primary microglia cell culture after exposure to lipopolysaccharide (LPS), a bacterial
cell wall component, and the pro-inflammatory cytokine IFN-γ and how this compares to
other microglial models.
3. Characterize the functional relevance of cultured primary microglia by confirming their
ability to carry out phagocytosis and secrete cytokines.
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1.6.2

ARNT2 study
Next, we hypothesized that inflammatory mediators regulate ARNT2 expression in

microglia and astrocytes. To characterize ARNT2 for its involvement in inflammatory
neurodegeneration, our aims for a second study were to:
1. Examine the ability of cytokines (LPS and IFN-γ) and excitatory stimulants (potassium
chloride) to influence the expression of ARNT2 in primary microglia and astrocyte
cultures.
2. Identify the spatial and temporal expression of ARNT2 and its regulation in inflammatory
neurodegenerative disease using the EAE mouse model.

1.6.3

RME-8 study
Lastly, we hypothesized that RME-8 will be expressed by several cells of the CNS

including neurons, astrocytes and microglia and will play a role in microglia phagocytosis.
To characterize and to understand the functional relevance of RME-8 within the CNS under
healthy and neurodegenerative conditions, our aims for a third study were to:
1. Examine the ability of cytokines (TNF-α and IFN-γ) to influence expression of RME-8 in
primary astrocyte cultures.
2. Assess RME-8 function in primary microglia by the phagocytosis of dextran in wild type
and RME-8 mutant microglia.
3. Evaluate the effects of heterozygous and homozygous RME-8 mutations on the
development of clinical disease in the MS model EAE.
4. Identify the spatial and temporal expression of RME-8 and its regulation in inflammatory
neurodegenerative disease by using the EAE mouse model.
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Chapter 2: High yield primary microglial cultures for functional studies
related to reparative or pathological processes relevant to neurodegeneration
2.1

Introduction
Glial interactions within the neurovascular niche have become an area of increased

research due to their importance in our understanding of disease pathogenesis. The central
nervous system (CNS) consists of a heterogeneous population of cells where microglial cells
make up roughly 10% of the cell population3. Microglia are the main myeloid-derived immune
cell found in the CNS and are important in development and the neuromodulatory, neurotrophic,
and neuroimmune responses to insult or disease7,125-127. During embryogenesis, microglial
progenitor cells infiltrate the brain from the yolk sac5. Microglia survey and scavenge the CNS
for potential pathogens and play an important role supporting neurons by synaptic pruning and
the engulfing of synaptic material128,129.
Insults, such as spinal cord injury, can result in changes to the microenvironment that
change the phenotype in microglia from resting to activated and have been thought to play a role
in the neuropathogenesis of several neurodegenerative diseases130. This change in microglial
phenotype has been linked to neurodegenerative disorders such as Parkinson’s and Alzheimer’s
disease as well as amyotrophic lateral sclerosis131-133. Through several neurodegenerative and
neuroinflammatory conditions and diseases, microglia undergo a phenotypic change, becoming
intensely ramified and positive for the expression of ionized-calcium binding adaptor molecule 1
(Iba-1), a classic marker of microglial activation21. Microglia exist in several states of activity,
reflected by changes in morphology. Amoeboid microglia are round in shape with small
processes and are motile for scavenging debris for phagocytosis22. Quiescent ramified microglia
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have thin branching processes found throughout the CNS. However, unlike amoeboid microglia,
the cell body is static while the processes are constantly extending and retracting to perform
surveillance in the CNS134. Quiescent ramified microglia when activated will undergo a
morphological change where their processes are retracted and thickened. Activation of microglia
can result in antigen presentation and secretion of cytokines such as IL-1β, IFN-γ, and TNF-α, as
well as secretion of several proteases and reactive oxygen species6,135. Therefore, understanding
the function of glial cells in disease onset and progression and how they interact with other cells
as well as within the neurovascular niche is crucial to better understand their contributions to
damage and repair and how they may be targeted for potential novel therapeutics.
In vitro models are among the most straightforward means to establish factors and
conditions, which can influence the phenotype and function of these cells. Fundamentally, the
best in vitro models are established using minimal manipulation, preservation of the in vivo
characteristics of a given cell type, and all at a high yield and purity to enable the clearest
interpretation and extrapolation of results. The establishment of primary cultures to most
accurately reflect morphology and function seen in vivo is considered more pertinent than cell
lines which through either passaging, transformation, or immortalization are all altered to some
extent; where some cell lines undergo significant mutation in order to become immortal. A
commonly used model of in vivo microglia is the murine BV-2 cell line or the rat-derived highly
aggressive proliferating immortalized (HAPI) cells. The BV-2 cell line have been immortalized
by infecting primary microglia with the J2 retrovirus carrying the oncogenes v-raf and v-myc136.
The HAPI cell line was developed spontaneously through a mutation of a primary microglial
enriched culture137. However, the suitability of these cell lines as an appropriate model of in vivo
microglia has been questioned. Studies have shown that neither the BV-2 nor HAPI cell lines
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respond similarly to relevant stimuli in terms of TNF-α, IL-1β, IL-6, and CCL2 production138,139.
It has also been found that the BV-2 and HAPI cell lines have differential expression of Iba-1,
cytokines, chemokines, nitric oxide production, and altered migratory capacity compared to
primary microglia140. This suggests that there is a significant limitation in what can be
extrapolated from the data generated using these cell lines, which were typically used given as to
how difficult it can be to obtain primary microglia in sufficient numbers for study.
Perhaps the most accepted and widely used method utilized for the isolation of primary
microglia is the dissociation of newborn murine cerebral cortical tissue followed by plating for
several days. Vigorous shaking is applied to suspend loosely adherent microglia from the
astrocyte “feeder” layer, and the non-adherent cells are passaged to improve microglial purity141.
This method requires 7 days in culture before microglia can be harvested, and the cell yield is
typically low despite the extended culture time. Another method dissociates murine brains that
have been separated into their various cell types through discontinuous Percoll gradients142.
However, microglia are only a small proportion of the cells within the brain so a relatively low
yield is expected from the start.
Colony stimulating factors are a group of secreted cytokines that result in the
differentiation and proliferation of precursor cells into cells of myeloid lineage143-145.
Granulocyte macrophage colony stimulating factor (GM-CSF) promotes the proliferation of
myeloid derived cells such as microglia. In cell culture, GM-CSF has been used alone31,32 and in
conjunction with IL-4146,147 to generate primary bone marrow-derived dendritic cells from
myeloid precursors.
This study presents a relatively simple protocol to culture microglia from embryonic day
18 (E18) primary cerebral cortical neural progenitor cells of mouse origin through GM-CSF
21

stimulation resulting in higher yield and purity than can be expected from current methods.
Microglial phenotypic and inflammatory marker expression was characterized following their
exposure to LPS and IFN-γ, and compared to similarly exposed BV-2 cells. The expression
profiles of microglia cultured in the presence of GM-CSF with and without the addition of the
anti-inflammatory cytokine IL-4 was compared to healthy adult microglia to determine the
suitability of GM-CSF cultured microglia as an in vitro model.

2.2
2.2.1

Materials and methods
Microglia cell culture and treatment
Glial cultures were prepared from E18 C57BL/6 mouse cerebral cortices according to a

previously established protocol148. Briefly, whole brains were isolated from E18 pups. The
cerebral cortices were removed and the hippocampus and striatum were dissected out. Isolated
cortices were washed in Hank’s balanced salt solution (HBSS) (Invitrogen, Carlsbad, CA)] and
trypsinized with 0.05% trypsin (Sigma, St. Louis, MO) before mechanical dissociation by
pipetting up and down into a single cell suspension. Following the counting of viable cells
determined by trypan blue dye exclusion, cells were seeded at 100,000 cells/cm2 in plating media
[Dulbecco’s modified eagle medium (DMEM) (Invitrogen)], completed with 0.5% wt/vol
glucose (Bio Basic Inc., Markham ON), 100 μg/mL Penicillin and 100 U/mL streptomycin
(Sigma), 10% horse serum (Invitrogen)] on a 25 or 75 cm2 poly-L-lysine (Sigma)–coated flasks
(Corning Inc., Corning, NY). The cells were incubated at 37°C with 5% CO2.
Plating media was changed the next day followed by the addition of 50 ng/mL murine
GM-CSF (Peprotech, Rocky Hill, NJ). Some plates also received 25 ng/mL of murine IL-4
(Peprotech). Developing microglia appear as lightly tethered amoeboid cells above a mixed
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astroglial and neuronal cell monolayer and expand until day in vitro (DIV) 21 when the
microglia reached peak confluency. Microglia were harvested by gentle pipetting to dislodge
non- and loosely adherent microglia allowing for isolation. The cells were then washed, pelleted
and resuspended in plating media and seeded into poly-L-lysine-coated tissue culture plates at
50,000 cells/cm2.
For comparison of our proposed method for isolating primary microglia, primary
microglia were also prepared using a common protocol for culturing microglia in vitro141.
Briefly, E18 mixed cerebral cortical cells were seeded into 75 cm2 flasks (Corning) at 300,000
cells/cm2. At day 10, loosely adherent microglia were shaken off overnight on an orbital shaker
at 180 rpm and collected the next day before plating into another flask. Adherent microglia were
trypsinized and resuspended for further experiments. Whole murine brain single cell suspensions
were isolated by passing minced mouse brain through a 70 μm filter and washing with HBSS.
Cells were separated from myelin and other cells and cellular debris using a 30% Percoll
gradient and after washing in PBS with 2% fetal bovine serum (FBS), were stained for flow
cytometry (detailed in 2.2.3).
The BV-2 cell line was cultured according to previous studies136 in DMEM media
supplemented with 10% heat-inactivated FBS (Invitrogen), 100 μg/mL Penicillin and 100 U/mL
streptomycin (Sigma), and L-glutamine (4 mM)(Gibco). Cells were passaged weekly at a
confluency of 90-95% by trypsinization and reseeded at a density of 10,000 cells/cm2.

2.2.2

Microglial stimulation
To model immune or inflammatory activation in vivo, harvested primary microglia and

BV-2 cells were treated with either 50 ng/mL of ultrapure LPS isolated from E. coli E12
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(specific to toll-like receptor 4 (TLR4)) (InvivoGen, San Diego, CA) or 200 U/mL of murine
IFN-γ (R&D Systems, Minneapolis, MN). Prior to treatment, primary microglia were harvested
by pipetting up and down gently to collect non-adherent cells. The harvested cells were
centrifuged, washed, resuspended, and seeded for experiments at a density of 50,000 cells/cm2.
The BV-2 cells were collected by trypsinization and seeded similarly into cell culture plates for
treatment. LPS and IFN-γ were added to the BV-2 cultures when cultures reached 70%
confluency.

2.2.3

Flow cytometry
Cells were examined for expression of immune and inflammatory markers relevant to

phenotype and function by flow cytometry. Cells were harvested as indicated above (Chapter
2.2.2) and were either stained immediately for direct characterization or seeded in 6-well plates.
Seeded cells were either treated with LPS or IFN-γ or left untreated, and the treatment groups
were analyzed and compared to untreated cells 24 and 48 hours later to study cell activation.
Cells were resuspended and washed twice in staining buffer (1% FBS plus 0.05% sodium azide
in PBS) prior to Fc receptor blocking (Pharmingen by BD Biosciences, San Diego, CA) and
staining in a 96-well V-bottom plate (Corning). 0.5 µL Fc block (Pharmingen) in 50 µL staining
buffer was added to each well and incubated on ice for 10 minutes prior to the addition of
primary antibodies. Murine microglia were incubated with anti-mouse CD45
(VioBlue)(eBioscience), CD11b (APC) (eBioscience), CD11c (PE)(Pharmingen), MHC class I
(H2Db)(FITC) (eBioscience), MHC class II (IAd-IEd)(FITC)(Pharmingen), CD40 (PE Cy7)
(BioLegend), CD80 (FITC)(Pharmingen), CD86 (PE)(Pharmingen), and CD39 (PE
Cy7)(eBioscience) or with immunoglobulin matched isotype controls (eBioscience). After
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staining, wells were topped up with staining buffer and washed twice. Flow cytometry analysis
was performed using a MACSQuant flow cytometer (laser capability, seven color) (Miltenyi,
Auburn, CA) and analyzed using FlowJo software (Version 7.6.5; Treestar, Ashland, OR).
Viable cells were selected based on forward and side scatter; staining prior to flow cytometry
revealed greater than 95% of cells excluded trypan blue demonstrating their viability. Protein
expressed was qualitatively assessed as negligible, low, intermediate, or high based on log shifts
in the intensity of the detected fluorophore compared to isotype controls for each antibody/stain.
Negligible coincided with intensities comparable to isotype antibodies, and low intermediate or
high intensity staining related to one, two or three log shifts from negligible staining levels.

2.2.4

Immunocytochemistry
Cells were washed with PBS then fixed with 4% paraformaldehyde for 15 minutes at

room temperature and washed again with PBS. Cells were permeabilized using 0.1% triton x-100
for 10 minutes and blocked with 10% normal horse serum for 30 minutes. The cell markers Iba-1
(microglia; Abcam, Cambridge, UK), glial fibrillary acidic protein (astrocytes; Millipore), and
microtubule-associated protein 2 (neurons; Sigma Aldrich) were used to identify different cell
types within the microglial cultures by immunofluorescence. All primary antibodies were
incubated overnight followed by one-hour RT incubation with an affinity purified donkey antigoat, Alexafluor® 568 conjugated (Thermo Fisher Scientific, Waltham, MA) secondary
antibody. Normal goat IgG (Santa Cruz Biotechnology, Dallas, TX) and chicken IgG (Santa
Cruz Biotechnology) antibodies were used as isotype controls. Images were acquired using
fluorescent and phase contrast microscopy with a Zeiss Axio Observer Z1 microscope with Zen
2 acquisition and analysis software (Version2.0.0.0, Oberkochen, DE).
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2.2.5

Cytokine ELISA
Primary microglia and BV-2 cells were treated with LPS and IFN-γ. Supernatants were

collected at 4, 12, and 24 hours from the treated plates and immediately frozen and stored at 80°C until assayed for cytokine production. TNF-α, CCL2, IL-1β, IL-6, and IL-10 production
was determined using R&D Duoset ELISA kits as per the manufacturer’s protocol.

2.2.6

Latex bead phagocytosis assay
Microglia were treated for 24 hours in a 6-well plate. Fluorescent FITC latex beads

(Sigma) were then added to the wells at a final concentration of 0.0125% for 1 hour as per
previous protocols149,150. After 1 hour of incubation, microglia were trypsinized, centrifuged,
washed with PBS, and resuspended in staining buffer. Flow cytometry was used for the
assessment of latex bead uptake.

2.2.7

Statistical analysis
Flow cytometry data were analyzed using a Repeated Measures ANOVA on Ranks test

with a Tukey’s Multiple Comparisons test comparing median fluorescence intensity (MFI) of
different markers. Statistical significance was determined as a p value of less than 0.05. A Oneway ANOVA was used to analyze the Iba-1 immunofluorescence, ELISA, and phagocytosis
assay data with a Tukey’s Multiple Comparisons test. All statistical analysis was done using
GraphPad Prism 4 (GraphPad Software, Inc., San Diego, CA, USA).
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2.3

Results

2.3.1

GM-CSF potentiates the proliferation and differentiation of embryonic cortical

cells into microglia
The addition of GM-CSF significantly enhanced the yield of primary microglia using our
methods. Microglia began to appear on day 14 (Figure 2.1a). Microglia grown with GM-CSF
showed a considerable increase in cell numbers in comparison to microglia grown without GMCSF up until day 21-23 in culture (Figure 2.1b). Microglia appeared as refractile amoeboid cells
that were non-adherent or lightly tethered to the monolayer of astrocytes and neurons (Figure
2.1c). The addition of IL-4 did not change the relative appearance of microglia; however, the
degree of expansion was considerably lower than what was observed with GM-CSF alone
(Figure 2.1d, Figure 2.1e). Single wells of a 6-well plate seeded with 950,000 cells from a mixed
cortical suspension yielded 4.2x105 microglia when cultured using the previously established
protocol for cultured microglia. GM-CSF cultured microglia yielded 2.2x106 cells whereas GMCSF and IL-4 cultured microglia yielded 2.2x105 cells (Figure 1f).

2.3.2

Microglia undergoes a characteristic morphological change when treated with

lipopolysaccharide (LPS)
Harvested microglia from the astroglial and neuronal monolayer remained largely nonadherent and refractile with an amoeboid morphology (Figure 2.2). Microglia exhibited many
small processes but were typically non-ramified and non-branched through 2-3 days in culture
after reseeding. The addition of LPS increased adherence and a stellate morphology with a
greater number of processes that were in turn more branched following LPS treatment over 48
hours.
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Figure 2.1 GM-CSF addition enables the establishment of high yields of purified microglia from mouse.
Microglia exhibiting an amoeboid morphology underwent rapid expansion between (a) days in vitro (DIV) 14 and
(b) DIV 21 as shown by the round refractile spheres resting on the non-refractive astrocyte feeder layer. (c) Higher
magnification view of individual microglia (DIV 21) showed the majority of the microglial cells as amoeboid.
Microglia cultured with GM-CSF and IL-4 at DIV 17 (d) had occasional larger granular microglia (black arrows) as
well as smaller amoeboid microglia that are seen in cultures with (e) GM-CSF only at DIV 17. (f) GM-CSF
provided 5-6 fold more microglia when added throughout the culture period in comparison to untreated, and GMCSF with IL-4 cultured microglia on DIV 21. Average with standard deviation. One-way ANOVA with Tukey’s
post comparison test)(n=3).
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Figure 2.2 LPS treatment modifies microglial morphology. Untreated cells displayed little change in the 48 hours
after replating. Cells became increasingly ramified (black asterisks) with larger cell bodies (black arrows) after
longer exposure times to LPS. Representative images from 1 of 4 experiments.
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2.3.3

Microglia cultured in GM-CSF alone and in GM-CSF with IL-4 share similar

myeloid and co-stimulatory marker profiles
Cultured microglia were characterized and compared to ex vivo microglia isolated from
adult mouse brain tissue and the BV-2 cell line. Microglia were phenotyped using CD45
(leukocyte cell marker), CD11b (myeloid cell marker), and CD11c (dendritic cell marker).
Inflammatory markers MHC class I and II (antigen presentation molecules), T cell costimulatory molecules CD40, CD80, and CD86, and ectoATPase CD39 were also used. GM-CSF
cultured microglia had a CD45low, CD11b+, CD11c-, MHC I+, MHC II-, CD86-, CD80-, and
CD39+ phenotype (Figure 2.3; Table 2.1).
The addition of IL-4 altered some of the expression of phenotypic markers seen in
comparison to microglia cultured in GM-CSF alone. MHC I expression was consistently
significantly reduced in comparison to GM-CSF-only cultured microglia.
The adult brain microglia analyzed ex vivo expressed a similar phenotypic profile to our
cultured microglia in vitro. Both were CD45low, CD11b+, CD11c-, CD80-, and CD86-. BV-2 cells
also shared a CD45low, CD11b+, CD11c-, MHC I+, MHC II-, and CD39+ phenotype but were
consistently higher in its constitutive expression of CD86+.
Microglia were activated by the addition of LPS or IFN-γ for 24 and 48 hours in
comparison to untreated microglia. LPS treated microglia cultured solely with GM-CSF had
significantly upregulated the expression of CD11b and CD86 after treatment for 48 hours
(p<0.05) (Figure 2.4; Table 2.2). IFN-γ treated microglia significantly upregulated CD40, CD45,
CD80, and MHC I after 48 hours of treatment (p<0.05). CD39 was downregulated in LPS treated
microglia while IFN-γ upregulated expression. The BV-2 cells showed a similar response profile
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Figure 2.3 Phenotypic comparison of primary microglia vs. cell line. GM-CSF microglia had a similar phenotype to GM-CSF plus IL-4 cultured microglia
and the BV-2 microglial cell line. Primary microglia were CD45intermediate, CD11b+, CD11c-, CD39+, MHC I+, MHC IInegligible, CD80lo and CD86lo; BV-2 showed a
higher constitutive expression of CD86 than primary cultures. The GM-CSF and IL-4 cultured microglia differed only in their lower expression of MHC class I.
(n=7 for GM-CSF, GM-CSF/IL-4, Spleen; n=3 for BV-2; n=4 for microglia analyzed ex vivo).
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Table 2.1 Primary microglia vs. cell line phenotype. Primary microglia cultured in GM-CSF with and without IL4 had a similar phenotype in comparison to microglia in vivo and the BV-2 cell line. The BV-2 cell line showed a
higher constitutive expression of CD86 overall in comparison to the other microglia culture methods. GM-CSF with
IL-4 showed a lower overall expression in MHC I in comparison to microglia cultured in GM-CSF alone.
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Figure 2.4 GM-CSF microglia differentially upregulate phenotypic and co-stimulatory markers when treated
with IFN-γ and LPS. BV-2 and GM-CSF cultured microglia showed similar expression patterns when treated with
inflammatory mediators, notably the upregulation of CD39, CD40, and CD80. Blue and red and asterisks indicate
significance in LPS or IFN-γ treatments compared to untreated controls respectively. (n=5 GM-CSF, n=2 BV-2)
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Table 2.2 Primary GM-CSF microglial surface marker expression in response to LPS and IFN-γ. LPS
significantly upregulated CD11b and CD86 while IFN-γ significantly upregulated CD40, CD45, CD80, MHC I, and
CD39 expression after 48 hours of treatment. Values represent mean fluorescence intensity ± standard deviation.
Bolded values represent those *P<0.050, Repeated Measures ANOVA on Ranks test with a Tukey Post Comparison
Test. (n=5)
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as the primary microglia (Figure 2.4; Table 2.3). CD45 and CD11b were both upregulated
following IFN-γ or LPS treatment. Baseline CD40 expression was higher in BV-2 cells than
primary microglia; CD40 expression was further increased following treatment with LPS and
significantly by IFN-γ (p<0.05). High constitutive expression of CD86 by BV-2 cells was not
increased by treatment with the factors examined as was observed with GM-CSF cultured
microglia. The divergent trends of LPS and IFN-γ on CD39 expression were also observed in the
BV-2 cell line where IFN-γ increased CD39 expression (p<0.05). IFN-γ also upregulated CD80
significantly (p<0.05).

2.3.4

IFN-γ upregulates marker of activation Iba-1 in GM-CSF cultured microglia
Primary microglia cultured with GM-CSF were characterized immunocytochemically.

Cells were negative for MAP2 and GFAP expression, which confirmed the absence of neuronal
or astroglial contamination respectively. Primary microglia were assessed for the expression of
the classic microglial activation marker Iba-1 using immunofluorescence and changes in its
regulation by treatment with IFN-γ or LPS. Treatment of microglia with IFN-γ resulted in flat
and round cells with a relatively large cell body in contrast to LPS treated cells that showed
extensive ramification and numerous processes. Both untreated and LPS-treated microglia
remained negative for Iba-1 for the first 48 hours of treatment (Figure 2.5). IFN-γ significantly
increased the percentage of Iba-1 positive cells (p<0.01), with Iba-1 localized throughout the
cytoplasm of the majority of cells treated with IFN-γ.
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Table 2.3 BV-2 surface marker expression in response to LPS and IFN-γ. IFN-γ significantly upregulated
CD40, CD80, and CD39 expression by 48 hours of treatment. Values represent mean fluorescence intensity ±
standard deviation from 4 experiments. Bolded values represent those *P<0.050, One-way ANOVA with a Tukey
Post Comparison Test. (n=3)
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Figure 2.5 Primary microglia express the activation marker Iba-1. (a) Untreated and LPS treated microglia had
negligible expression of Iba-1. (b) IFN-γ significantly upregulated Iba-1 expression in primary GM-CSF cultured
microglia (p<0.01; One-way ANOVA with Tukey’s post comparison test). Average with standard deviation. (n=3)
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2.3.5

Inflammatory stimuli increase microglial cytokine production
Microglial secretion of CCL2, TNF-α, IL-10, IL-6, and IL-1β was detected by ELISA

analysis of supernatants after various treatments. All microglia, regardless of treatment or lack
thereof, showed constitutively high levels of CCL2 in cell supernatants. Untreated and IFN-γ
treated microglia had similar levels of CCL2 at all three time points (4, 12, and 24 hours). CCL2
production was significantly higher in LPS-treated GM-CSF cultured microglia in comparison to
untreated and IFN-γ-treated cells with 4.06, 7.30, and 8.07 ng/mL of CCL2 at 4, 12, and 24 hours
respectively.
Untreated microglia secreted 0.32 ng/mL of TNF-α during the first 4 hours of reseeding
to a 96-well plate (Figure 2.6a). TNF-α levels decreased over time whereby at 24 hours only 0.02
ng/mL could be detected. Similarly, IFN-γ-treated cells secreted 0.43 ng/mL at 4 hours and
dropped to 0.20 ng/mL by 24 hours. In contrast, LPS-treated microglia increased TNF-α levels
significantly by 4 hours to 3.42 ng/mL, an approximate 10-fold increase compared to untreated
controls.
Both untreated and IFN-γ-treated cells had low secretion of IL-10 at 4 hours that were
comparable at 12 and 24 hours. At 4 hours, LPS-treated primary microglia had 4.83 ng/mL of
IL-10 secretion that was unchanged at 12 and 24 hours.
A negligible amount of IL-6 was detected in untreated and IFN-γ-treated microglia over
the 24 hours examined. In contrast, LPS treatment raised IL-6 levels to 5.95 ng/mL by 4 hours
and resulted in an increase of detectable IL-6 levels to 8.83 ng/mL and 9.41 ng/mL at 12 and 24
hours respectively. No detectable amounts of IL-1β were found in the supernatants of either
untreated or treated cells (data not shown).
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Figure 2.6 LPS significantly upregulates several cytokines in both primary cultures and cell lines. (a) IL-10, CCL2, IL-6, and TNF-α were increased by 4,
12, and through 24 hours; IFN-γ treatment resulted in no changes. (b) BV-2 cell line had significantly lower IL-6 and IL-10 production in comparison to primary
GM-CSF microglia. Bars represent the mean cytokine production +/- standard deviation (*P<0.050, **P<0.001, ***P<0.0001 One-way ANOVA with Tukey’s
post comparison test). Average with standard deviation. (n=3 for GM-CSF, n=2 for GM-CSF with IL-4, n=2 for BV-2).
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Compared to our primary method of culturing which involved the addition of GM-CSF
alone, GM-CSF with IL-4 cultured microglia exhibited the same relative amounts and expression
trends in secretion of the cytokines CCL2 and IL-6 (Figure 2.6a). Notably, the production of
TNF-α and IL-10 were several fold lower when IL-4 had been part of the culture process to
generate microglia.
Analysis of the BV-2 cell line showed that it responded similarly to our GM-CSF
microglial cultures. Similarly to the GM-CSF with and without IL-4 cultured microglia, CCL2
production increased with time in untreated and treated BV-2 cells. No marked changes were
observed until 12 and 24 hours post-treatment. LPS-treated BV-2 cells had 8.18 ng/mL of CCL2
at 12 hours, roughly 2.5-fold higher than untreated. IFN-γ-treated cells had 9.28 ng/mL of CCL2
at 12 hours, which was a significant 3-fold higher than untreated cells.
The BV-2 cell line followed a similar trend in TNF-α production. A significant increase
was observed at 4, 12, and 24 hours post addition of LPS (Figure 2.6b). Unlike the GM-CSF
cultured microglia, a significant upregulation was seen with IFN-γ-treatment: BV-2 cells
increased TNF-α secretion; 0.13 ng/mL was detectable at 4 hours, and secretion was significantly
increased to 1.03 ng/mL by 24 hours.
Untreated and IFN-γ-treated BV-2 cells had roughly equal amounts of detectable IL-10 at
all time points. Approximately 0.03 ng/mL IL-10 was observed at 4 hours and there was no
significant change seen at 12 and 24 hours. LPS increased IL-10 levels slightly. Approximately
0.09 ng/mL of IL-10 was present at 4 hours, which was about 3-fold higher than the untreated
cells. However, IL-10 production in LPS-treated cells dropped off at later time points: 0.03
ng/mL at 12 hours, and 0.01 ng/mL at 24 hours. Notably these levels were nearly 10-fold lower
than those observed in treated cultures of primary GM-CSF microglia.
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Negligible IL-6 was detected in untreated and IFN-γ-treated BV-2 cells. However, LPS
treatment significantly upregulated detectable IL-6 at all three time points. IL-6 levels were 0.27
ng/mL at 4 hours, and increased to 0.91 ng/mL at 12 hours and 1.22 ng/mL at 24 hours. Notably,
this increase in IL-6 secretion was roughly 6-fold lower than what was observed in the GM-CSF
cultured microglia.

2.3.6

LPS increases while IFN-γ decreases the phagocytic capabilities of primary

microglia
To examine inflammatory factors that alter the functional activity of our primary
microglia, phagocytic activity was assessed by the uptake of fluorescently labelled latex beads. A
heterogeneous population of microglia seemed to be present in our cultures as approximately
half of the cells had uptake of the latex beads. The percent positivity and median fluorescence
intensity (MFI) was determined by the cells in gate A (figure 2.7a). Several of the microglia took
up very little to no latex beads in comparison to another subset of microglia that took up a
considerable amount that appeared to be altered by the presence of inflammatory mediators.
Untreated microglia had a MFI of 43,466.7 with 77.6% of the cell population having uptake of
the latex beads (figure 2.7c). Contrarily, IFN-γ treated microglia had a significant decrease in
phagocytic activity with a MFI of 27,100.0 (p<0.05) averaged through the 67% of cells that were
positive (p<0.01) for the FITC conjugated latex beads.

2.4

Discussion
In this study we provided a simple and effective method for isolating a high purity

population of primary microglia from E18 mice that enabled us to model inflammatory
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Figure 2.7 Inflammatory factors alter the phagocytic capacity of primary GM-CSF microglia. (a) IFN-γ down
regulated phagocytosis of FITC labeled latex beads in comparison to untreated microglia in both BV-2 and GM-CSF
cultured cells (upper vs. lower panel) within gate A. (b) Phase-contrast micrograph of GM-CSF cultured microglia
showed latex beads (green) within untreated, LPS, and IFN-γ treated cells. (c) GM-CSF cultured microglia treated
with IFN-γ had a significant decrease in the median fluorescence intensity (p<0.05) and the percentage of FITC
positive cells (p<0.01; One-way ANOVA with Tukey’s post comparison test). Average with standard deviation.
(n=3).
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conditions and microglial activation. Uniquely, this method took advantage of the growthstimulating effects of GM-CSF to help increase the total number of microglia from embryonic
nervous tissue. The addition of GM-CSF to the media is crucial to the rapid growth and
proliferation of microglia as cultures without GM-CSF had significantly fewer cells.
Our GM-CSF microglial cultures had an intermediate expression of CD45, were positive
for CD11b, and did not express the dendritic marker CD11c. This expression profile is consistent
with a microglial phenotype per our own ex vivo analysis and those of others151,152. It has been
suggested that the inclusion of GM-CSF may alter properties of these cells due to the
inflammatory nature of GM-CSF and its effects upon other myeloid cells such as macrophages or
dendritic cells153,154. However, we showed that our cultures were predominantly similar to those
isolated and examined ex vivo. Both our GM-CSF cultured microglia and ex vivo microglia
demonstrated negligible expression of CD40, CD80, CD86, and MHC class I and II. This further
supports that the activation profiles of our GM-CSF microglia are similar to that of microglia
seen in vivo.
IFN-γ and LPS differentially regulated microglial changes. LPS and IFN-γ both increased
the expression of MHC I while only IFN-γ was able to increase MHC II expression. This
suggests that our cultured microglia are able to process and present antigen. CD45 and CD11b
expression increased after both LPS and IFN-γ treatments, which is consistent with previous
studies where microglia have been shown to upregulate these proteins when activated with LPS
or IFN-γ155-157. The BV-2 cell line showed similar patterns when exposed to LPS or IFN-γ,
suggesting that said responses are likely to be characteristic of microglial cell lines as well as
primary cultures.
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Consistent with previous studies, IFN-γ increased CD80 expression within the BV-2 cell
line158. Our primary GM-CSF-cultured microglia treated with IFN-γ slightly upregulated CD86
and increased CD80 significantly, which was consistent with other studies in primary human
microglia74. Notably, GM-CSF-cultured microglia had an overall lower baseline expression of
CD86 in comparison to the BV-2 cell line. This suggests that the BV-2 cell line is already at a
more pro-inflammatory state, similar to that described for the M1 “pro-inflammatory”
designation applied to microglia159, in comparison to a more reparative or M2 phenotype. This
increased CD86 expression may also be attributable to the viral transfection of the cells during
the immortalization process, as similar increases of CD86 expression had been previously
described in B lymphocytes and dendritic cells post viral infection160,161. The differences seen in
CD86 expression may have also been related to other differences between these primary cultures
and the BV-2 cell line. IL-10 secretion was considerably lower than our GM-CSF cultured
microglia. Consequently, the inability of the BV-2 cell line to produce IL-10 may be correlated
to the high expression of CD86. BV-2 cells treated with IL-10 has been found to suppress the
expression of CD86158 as well as in other myeloid derived cells162.
LPS and IFN-γ each differentially regulated the otherwise constitutive expression of the
ectoATPase CD39 in both the BV-2 cell line and our GM-CSF cultured microglia. In both
primary cultures and cell lines, LPS-treated microglia downregulated the expression of CD39
while IFN-γ treatment resulted in an increase of expression. This emphasizes that there are
differences in the various states of activation of microglia, dependent on the source of stimuli.
This has already been shown in other immune cells where CD39 was expressed on activated NK
cells, B cells, and T cells but was absent when cells were in a resting state163. Within the CNS,
microglia and endothelial cells and smooth muscle cells of the vasculature expressed CD39
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while neurons were absent of CD39 expression164. CD39, a purinoreceptor, plays a role in
purinergic-mediated microglial migration165 where it hydrolyzes ATP to AMP166. It is this
release of ATP by dying cells that functions as a chemoattractant in microglia. This suggests a
role for CD39 in disease pathogenesis as ATP does not exist in high concentration within the
extracellular space unless released exocytotically or from damaged and dying cells in the
CNS167,168. This would make microglial or endothelial exposure to ATP more likely due to
degenerative conditions. ATP signaling through purinoreceptors in microglia could mediate
cytokine release and nitric oxide production while increasing potassium conductance169.
However, the role of inflammatory mediators and their effects on CD39 expression and
microglial migration has not been clearly defined in microglia.
The majority of protocols for culturing primary microglia required a substantial amount
of neuronal tissue yet failed to return a proportional microglia yield. The addition of GM-CSF to
our primary microglia cultures increased the microglia yield without altering surface marker
profiles, confirmed by comparison to adult microglia analyzed ex vivo. The BV-2 cell line,
although commonly employed as a model of microglia, deviated considerably from their primary
in vitro counterparts in our direct comparison of cell surface markers and cytokine production
profiles. This highlights the importance of using primary microglial cultures to investigate in
vitro functions in order to be able to confidently extend observations to their potential roles in
processes of pathogenesis and repair in vivo.
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Chapter 3: Investigation of the regulation of ARNT2, a neuroprotective
transcription factor, in models of inflammatory neurodegenerative disease
3.1

Introduction
Aryl hydrocarbon receptor nuclear translocator 2 (ARNT2) belongs to the basic-helix-

loop-helix-PER-ARNT-SIM (bHLH-PAS) family of transcription factors 109. ARNT2 is able to
heterodimerize with several other transcription factors within the bHLH-PAS family that results
in its subsequent binding to DNA regulatory sequences which leads to an alteration of gene
transcription108. ARNT2 is able to bind to aryl hydrocarbon receptor (AhR), a ligand-activated
transcription factor that functions by inducing the transcription of xenobiotic metabolizing
enzymes to remove foreign toxic chemicals such as dioxins and 2,3,7,8-tetrachlorodibenzo-pdioxin (TCDD)170. AhR ligation increases the production of Th17 differentiated T cells, a subset
of T cells that is associated with autoimmune diseases171,172.
ARNT2 has been found to play an important role in embryogenesis. It is expressed within
the nervous system (spinal cord, brain, and eye) and the kidney (adrenal medulla and developing
tubules within the cortex of the kidney), both of which are developed from the
neuroectoderm114,173. ARNT2 expression has also been found within the thymus114. ARNT2 has
a role in the development of the hypothalamus, determined by its binding of another bHLH-PAS
transcription factor, single minded homolog 1 (SIM1)174. In addition, ARNT2 plays an important
part in hypoxia within the CNS by binding HIF1α, a transcription factor that is responsible for
the transcription of genes encoding for proteins responsible for angiogenesis and
erythropoiesis116. ARNT2 is also thought to play a role in cell survival. When the adrenal gland
cell line PC12 cells which share the same lineage as neurons are exposed to oxidative stress, cell
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death is seen following a decrease in ARNT2 expression. Conversely, impairing the progression
of the PC12 cell cycle enhanced ARNT2 expression115. This suggests that ARNT2 is involved in
regulating cell cycle progression and preventing cell death. ARNT2 has also been identified as a
binding partner for the transcription of BDNF, a neuronal growth factor110,111.
The study of ARNT2 thus far has been primarily focused on its function in neurons with
no characterization in other cell types. Consequently, ARNT2 and its expression profiles have
yet to be characterized in glia (astrocytes or microglia) or cells of the immune system that may
enter the CNS during insult or injury. With the role of AhR as a mediator in the metabolism of
exogenous and endogenous toxic compounds, its role in T cell polarization, and its binding of
ARNT2 for gene transcription suggests that immune cells could express ARNT2 and be
regulated by inflammatory mediators. Such immune cells include microglia that have been
shown to be crucial regulators in the initiation and maintenance of both developmental and
pathological processes in the CNS. They are key contributors to neuronal function and are early
mediators in damage and reparative settings such as the remyelination process of axons in
demyelinating animal models of disease26.
Previous studies from our lab have shown that the transcription of Arnt2 mRNA is
upregulated at pre-onset disease (day 7) in the brain and is downregulated at peak disease (day
18) in EAE mice when the greatest amount of inflammatory infiltrates and axonal damage is
observed (Quandt Lab, unpublished data)(Figure 1.1). The downregulation in Arnt2 mRNA was
also seen with a downregulation in Bdnf mRNA in the spinal cord. Within the spinal cord,
ARNT2 expression appeared to be enhanced by astrocytes with some ARNT2 staining appearing
within the subarachnoid space (Quandt Lab, unpublished data)(Figure 1.2). This suggests the
possible expression of ARNT2 within immune cells.
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This study examined the expression and regulation of ARNT2 within microglia and
GFAP staining astrocytes by stimulating appropriate cells with LPS, IFN-γ, TNF-α, and
potassium chloride. Treatment with LPS, IFN-γ, and TNF-α were used to mimic inflammatory
conditions including infection and acute/chronic inflammation respectively. Potassium chloride
was used to address whether ARNT2 expression is regulated by excitatory conditions. With
preliminary data showing ARNT2 expression within the white matter and subarachnoid space in
the EAE mouse model, continued in depth analysis of ARNT2 expression was further
characterized within the spinal cord and compared between spleens from healthy mice or mice
immunized to develop EAE.
Specifically, in this study we aim to:
1. Examine the role of cytokines (LPS and IFN-γ) and excitatory stimulants (potassium
chloride) and their influence on the expression of ARNT2 in primary microglia and
astrocyte cultures.
2. Identify the spatial and temporal expression of ARNT2 and its regulation in inflammatory
neurodegenerative disease using experimental autoimmune encephalomyelitis as a model.

3.2
3.2.1

Materials and methods
Primary microglia cultures and stimulation
Primary murine microglia were cultured using the same protocol as described in chapter

2. Briefly, a mixed cortical suspension from E18 mice was seeded with the addition of GM-CSF
at DIV 2. Microglia were harvested at DIV 21 and reseeded in 12-well plates. To model immune
or inflammatory activation in vivo, harvested primary microglia were treated with 50 ng/mL of
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ultrapure (TLR-4 agonist only) LPS (InvivoGen) or 200 U/mL IFN-γ (R&D Systems). Microglia
were stimulated with 25 mM of potassium chloride to model excitatory conditions.

3.2.2

Primary astrocyte cultures
Astrocyte cultures were prepared similarly to primary microglia cultures. A mixed

cortical cell suspension was prepared from E18 mice and seeded (Chapter 2.2.1) using the same
plating media as listed above (Chapter 2.2.1). Media was changed every 2-3 days and astrocyte
cultures were gently agitated to dislodge and remove any loosely adherent glia and neuronal
debris to further purify the culture. By day 5, small patches of clustered astrocytes were seen
throughout the well. By day 14, the culture was 80-90% confluent and was subsequently used for
experiments. Astrocytes were treated with 200 U/mL of murine IFN-γ (R&D Systems) or 200
U/mL TNF-α (R&D Systems) for 24 and 48 hours.

3.2.3

Experimental autoimmune encephalomyelitis induction
All methods were carried out in accordance with the Canadian Council on Animal Care

regulations and all experimental protocols were approved by the University of British Columbia
Animal Care Committee. The EAE mouse model was chosen to mimic the inflammatory
neurodegenerative disease processes. EAE was induced in male C57BL/6 mice that were 12-13
weeks old by 50 µL subcutaneous injections of a myelin oligodendrocyte glycoprotein (MOG
35-55) (MEVGWYRSPFSRVVHLYRNGK; Stanford Pan Facility, Stanford, CA) peptide and
complete Freund’s adjuvant (CFA) emulsion in four different locations on their back and rear
flanks, for a total of 200 µL. Each 200 μL of the emulsion contained 200 μg of MOG, 100 μL of
8 mg/mL working solution of CFA, and 100 μL of PBS. CFA was made with 8 mg/mL of
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H37Ra Mycobacterium tuberculosis (Difco Laboratories, Detroit, MI) emulsified in incomplete
Freund’s adjuvant. Mice were then injected intraperitoneally with 200 ng of pertussis toxin (List
Biologicals, Campbell, CA), on days 0 and 2 days later. Mice were weighed, monitored, and
scored daily for their clinical symptoms until day 90, where the mice were euthanized, flushed
with PBS, and perfused with formalin. Mice were scored daily from 0-5 based on their level of
disability (Table 3.1; Quandt Lab unpublished data). Their spleens, brains, and spinal cords were
then removed. Age- matched littermates were not induced for EAE and were used as healthy
controls.
EAE was also induced in 8-week old female C57BL/6 (Jackson Laboratory, Bar Harbor,
ME) mice using the same method.

3.2.4

Spleen lysates
Spleens were harvested at day 45 from healthy female C57BL/6 adult mice or mice that

were induced for EAE or received CFA only without the MOG peptide. The harvested spleens
were minced into radioimmunoprecipitation assay (RIPA) buffer with 0.05% protease inhibitor
cocktail (Roche). The spleen sample was then lysed in the RIPA buffer by passing the tissue up
and down through a 21-gauge needle 20 times on ice. The samples were then centrifuged at
15,000 rpm and the supernatant was pipetted into a fresh, pre-chilled tube and immediately
frozen at -20°C.

3.2.5

Immunohistochemistry
C57BL/6 mice spinal columns and brains were isolated from healthy mice and EAE mice

by flushing with PBS, and subsequent perfusion and fixing with buffered formalin. Tissues were
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Table 3.1 EAE mouse clinical scoring guide (Quandt Lab, unpublished data)
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fixed in 4% paraformaldehyde for 3-5 days and were subsequently washed in PBS before being
submerged in a 30% sucrose solution for cryosectioning. Spinal cords were soaked in sucrose for
a minimum of one week to allow for adequate permeation. Spinal cords were extracted from
their columns by removing the vertebral column with forceps before being placed in 30%
sucrose. Spinal cords were cut in four equal quarters and were embedded in optimal cutting
temperature compound (OCT) (VWR, Radnor, PA) and frozen using an isopentane and dry ice
slurry. Spinal cords were cut into 8 µm thick sections sampling three different regions
(cervical/thoracic, lumbar, and sacral).
Sectioned tissues were blocked with 2% normal goat or horse serum for 1 hour and
permeabilized with 0.05% triton. Tissues were incubated with antibodies to CD68 (BioRad),
MAP2 (Sigma), CD68 (BioRad), GFAP (Abcam), or ARNT2 (Santa Cruz) antibody overnight.
MAP2 was used to stain for neurons, GFAP for astrocytes, and CD68 for macrophages. After
incubation, tissues were washed with TBST followed by a one-hour incubation with
Alexafluor® 488, 568, or 648 conjugated (Thermo Fisher Scientific) secondary antibody at room
temperature. Normal goat, chicken, rat, mouse, and rabbit IgG (Santa Cruz Biotechnology)
antibodies were used as an isotype control. The specificity of the ARNT2 antibody was
confirmed by the lack of ARNT2 staining by immunocytochemistry and by western blotting of
primary cortical neurons after qPCR-confirmed knockdown with 3 separate ARNT2-targeting
siRNA constructs by nanoparticle delivery (Precision NanoSystems Inc., Vancouver, BC)
compared to scramble controls (data not shown).
Analysis was carried out with Zen 2 analysis software (Version 2.0.0.0, Oberkochen,
DE). For each spinal cord, a section from the thoracic, lumbar, and sacral regions were analyzed.
A binary mask was created for the grey matter using the fluorescent signal from MAP2 positive
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neurons of the grey matter. The spinal cord image was divided in half sagittally and the total
amount of GFAP positive astrocytes was electronically counted by having the software detect
and count the fluorescent signal from GFAP positive cells and was then reconfirmed manually
which was roughly 200-500 cells in total. Within each GFAP staining astrocyte, a binary mask
was created from the DAPI fluorescence. The mask was then used to take the total fluorescent
intensity of ARNT2. Similarly, a binary mask of the white matter was created using the
fluorescent signal from GFAP positive astrocytes within the white matter. The total fluorescence
intensity of ARNT2 in each DAPI positive nucleus was then quantified using a DAPI mask. The
values of all of the cells within one sagittal half of a spinal cord were averaged. The values for
each spinal cord section within the same mouse were then averaged, representing one mouse.
The average value generated from each mouse was then pooled and averaged for analysis.

3.2.6

Lysate preparation and protein quantification
Treated cells were washed once in PBS and then immediately lysed with RIPA buffer and

protease inhibitor cocktail on ice. Wells were scraped using mini cell scrapers. The cell lysate
was then pipetted into a pre-chilled 1.5 mL microcentrifuge tube and centrifuged at 12,000xg for
10 minutes at 4°C. After centrifugation, the lysate was transferred to a new pre-chilled
microcentrifuge tube and stored at -20°C.
A bicinchoninic acid (BCA) protein assay (Sigma B9643-1L) was used to quantify the
concentration of protein within lysates. A standard curve was generated from a known
concentration of bovine serum albumin (Thermo Fisher), with samples prepared in duplicate. 5
μL of each sample was added to a 96-well plate with 95 μL of a BCA and copper (II) sulphate
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solution. Plates were then incubated at 37°C for 30 minutes with an absorbance of 570nm
measured on a SpectraMax M2 microplate reader (Sunnyvale, CA).

3.2.7

SDS-PAGE and Western blot
Lysates were mixed with loading buffer and dithiothreitol and heated to 95°C for 5

minutes. Samples were separated on a 10% SDS precast gel (BioRad) and wet transferred to
nitrocellulose membrane. The nitrocellulose membranes were incubated with primary antibodies
against ARNT2 (Santa Cruz) at a 1 in 400 dilution. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was also detected using a monoclonal primary antibody (Thermo Scientific) at a 1 in
2,000 dilution to serve as a loading control. Horseradish peroxidase conjugated goat anti-mouse
and goat anti-rabbit (Jackson) secondary antibodies that were used to detect GAPDH and
ARNT2 respectively. The BioRad Western ECL Substrate Kit (BioRad) was used for the
visualization of the proteins. A BioRad ChemiDoc was used to image Western Blots and BioRad
Image Lab (Version 5.0) was used to quantify protein for quantitative densitometry.

3.2.8

Statistical analysis
Western blot data from the spleens were analyzed using an unpaired t test. Treated

astrocytes were analyzed by a one-way ANOVA with a Tukey’s multiple comparisons test. An
unpaired t test was used for the analysis of the immunohistochemistry. Statistical significance
was determined as a p value of less than 0.05. All statistical analysis was done using GraphPad
Prism 4 (GraphPad Software, Inc., San Diego, CA, USA).
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3.3
3.3.1

Results
ARNT2 is upregulated in primary microglia when stimulated with LPS or IFN-γ
After 48 hours of treatment with LPS or IFN-γ, microglia were found to upregulate

ARNT2 expression 4-fold higher than the expression seen in untreated microglia (Figure 3.1).
Under excitatory conditions, potassium chloride was found to have no effect on the expression of
ARNT2 with the expression value staying the same as untreated microglia (data not shown).

3.3.2

Splenocytes decrease ARNT2 expression in CFA-injected and EAE-induced mice
Two ARNT2 bands were detected in the spleen, one slightly above and another below the

ARNT2 band seen in neurons at 79 kDa. This suggests a possible alternative splice variation or
posttranslational modification of ARNT2 within immune cells in contrast to neurons. Spleens
taken from our EAE mice at peak disease had a 4-fold decrease in expression compared to
healthy controls (p<0.01) (Figure 3.2). Similarly, our CFA-only control mice showed a
significant reduction in ARNT2 expression when compared to healthy controls.

3.3.3

TNF-α and IFN-γ treatment does not alter ARNT2 expression in primary

astrocytes
No significant change in ARNT2 expression was seen after 24 and 48 hours of
stimulation with TNF-α and IFN-γ in primary astrocytes (Figure 3.3). At 24 hours, primary
untreated astrocytes and TNF-α and IFN-γ treated astrocytes had similar ARNT2 expression.
Similarly, at 48 hours both untreated and IFN-γ and TNF-α treated astrocytes had the same
expression of ARNT2.
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Figure 3.1 Primary microglia increase ARNT2 expression with exposure to inflammatory mediators. (a)
Primary microglia treatment with LPS and IFN-γ suggests an upregulation in ARNT2 expression. (b) LPS and IFN-γ
treated microglia were both 4-fold greater in ARNT2 expression than untreated microglia (individual experiments,
biological replicates). Average with standard deviation. One-way ANOVA with Tukey’s multiple comparisons test
(n=3).
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Figure 3.2 Inflammatory conditions decreased ARNT2 expression in spleens. (a and c) Relative ARNT2
expression was significantly decreased in EAE (p=0.0025) and (b and d) CFA (p=0.0317) spleens compared to
healthy spleens from WT mice (Mann-Whitney test). ARNT2 expression normalized to GAPDH in EAE spleens
was 4-fold lower than the healthy control. CFA spleens had a relative expression nearly 3-fold lower than healthy
controls. Unpaired T-test. Average with standard deviation. (n=5 for healthy, n=7 for EAE, and n=4 for CFA
spleens).
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Figure 3.3 TNF-α and IFN-γ did not affect ARNT2 expression in primary astrocytes. (a) No changes in
ARNT2 expression were seen between primary astrocytes treated with (b) IFN-γ or TNF-α in comparison to the
untreated controls at 24 and 48 hours. One-Way ANOVA with Tukey Multiple Comparison Test. Average with
standard deviation. (n=3).
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3.3.4

ARNT2 is upregulated in GFAP positive astrocytes in EAE
EAE mice were monitored over the course of 60 days (Figure 3.4). Peak disease was

observed at day 17 with an average score of 3.83 ± 0.05 with mice having limp tails, weakness in
both hind limbs, and some forelimb weakness. Little to no recovery was observed in the EAE
mice, remaining consistent in EAE score for the duration of the disease. Mice were culled and
the tissues were harvested at day 60 with an average EAE score of 3.33 ± 0.14. GFAP staining
astrocytes were mainly seen towards the outer edge of the white matter of the spinal cord in
healthy mice (Figure 3.5a). EAE mice had an increase in GFAP positive astrocytes within the
white matter of the spinal cord in comparison to healthy controls (Figure 3.5c). In the white
matter of healthy control mice, 39.6% of GFAP staining astrocytes were positive for ARNT2
with several astrocytes showing negligible expression (Figure 3.5b and e). In the white matter of
EAE mice, 64.4% of all GFAP positive astrocytes expressed ARNT2, showing a near 3-fold
increase in comparison to the healthy controls. White matter GFAP staining astrocytes had
increased ARNT2 expression in EAE mice in comparison to the expression seen in astrocytes
within the white matter of healthy mice (p<0.05) (Figure 3.5b and d).
Within the grey matter of healthy mice, there were few GFAP positive astrocytes sparsely
scattered throughout (Figure 3.6a) with the majority of the GFAP positive cells located near the
central canal (Figure 3.6b). 5.2% of all cells within the grey matter of healthy mice were
astrocytes staining positive for GFAP (Figure 3.6c). Within the grey matter of EAE mice, the
amount of GFAP positive astrocytes significantly increased to 37.7% and were scattered
throughout, and not primarily limited to the central canal (Figure 3.7b). The amount of astrocytes
that were positive for ARNT2 was roughly 99% and was not significantly different between
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Figure 3.4 Average EAE score over 60 days. Peak disease was observed at day 17 with an average score of 3.83 ± 0.05 with mice having limp tails, weakness
in both hind limbs, and some forelimb weakness. Little recovery in disease score was seen in the mice over the duration of the study. Mice were culled at day 60
with an average EAE score of 3.33 ± 0.14. Average ± Standard error of the mean. (n=5).
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Figure 3.5 ARNT2 positivity and expression changes within white matter GFAP+ astrocytes. (a) White matter
GFAP+ astrocytes in control spinal cord in comparison to (b) EAE induced mice. (c) ARNT2 and GFAP+ astrocytes
increased significantly in the white matter of spinal cords in EAE induced mice (p<0.05). (d) GFAP+ Astrocytes
within the white matter of EAE induced mice had a significant increase in ARNT2 expression and (e) increased
overall in ARNT2 positivity in comparison to control spinal cords. Unpaired T-test. Average with standard
deviation. (n=4 for EAE; n=2 for healthy controls).
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Figure 3.6 Astrocyte numbers increased in the grey matter of EAE mice. (a) GFAP+ astrocytes localized
primarily around the central canal in healthy spinal cords with fewer GFAP+ astrocytes being found throughout the
grey matter. (b) GFAP+ astrocytes throughout the grey matter (including those around the central canal) were 99.0%
positive for ARNT2. (c) 5.3% of cells within the grey matter were GFAP+ astrocytes in healthy spinal cords, and
significantly increased to 37.8% in EAE spinal cords (p<0.001). Unpaired T-test. Average with standard deviation.
(n=4 for EAE; n=2 for healthy controls).
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Figure 3.7 ARNT2 positive astrocytes accumulate in the grey matter of EAE mouse spinal cords. (a) Healthy spinal cords were devoid of GFAP+ astrocytes
in the grey matter while (b) astrocytes (white arrows) appeared in the grey matter of EAE mice with the expression of ARNT2. (c) Higher magnification view of
astrocytes (white asterix) within a region of the white matter (b). (d) Astrocytes within the white matter of EAE mice had significantly lower ARNT2 expression
than astrocytes located within the grey matter (p<0.05). Unpaired T-test. Average with standard deviation. (n=4 for EAE mice; n=2 for healthy controls).
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healthy and EAE mice. The expression of ARNT2 was not significantly different between grey
matter astrocytes in healthy and EAE mice.
ARNT2 expression within the grey matter of EAE mice was significantly increased in
GFAP positive astrocytes in comparison to ARNT2 expressing astrocytes within the white matter
of both healthy and EAE mice (p<0.05).
Preliminary studies were performed to characterize ARNT2 expression in CD68 positive
immune cells within the immune infiltrates of EAE mice. Some CD68 positive macrophages
were observed to be positive for ARNT2 expression (additional analyses are ongoing, including
the assessment of ARNT2 expression in Iba-1 positive microglia).

3.4

Discussion
In this study, we characterized the expression of ARNT2 in immune cells in vitro and

under inflammatory neurodegenerative disease conditions in vivo. In previous studies, analysis of
ARNT2 expression has been focused primarily on neurons. However, our study shows that
several cells of the immune system, along with glia, were found to be positive for ARNT2
expression. ARNT2 was expressed in splenocytes and microglia. This novel finding suggests a
potential functional role for ARNT2 in immune cells, likely regulating transcription processes.
Primary microglia showed a significant upregulation in ARNT2 expression after
stimulation with LPS or IFN-γ. This suggests that ARNT2 is important in the modulation of the
inflammatory response by microglia as they become activated, and that inflammatory mediators
play a role in regulating ARNT2 expression. Microglia are extremely sensitive to changes in
extracellular potassium, which is indicated by their very specific and unique set of potassium
channels that can detect excess potassium (possibly due to a pathological event that could result
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in CNS damage). However, ARNT2 did not change expression with exposure to potassium
chloride, suggesting that ARNT2 is not regulated under excitatory conditions, but only under
inflammatory conditions in microglia.
The immunomodulatory role of ARNT2 is further supported by the downregulation of
ARNT2 in spleens collected from EAE-induced and CFA-injected mice. This suggests that the
activation of the immune system with pertussis and mycobacterium tuberculosis in CFA was
sufficient to downregulate ARNT2 expression, without the needed addition of MOG peptide and
the presence of chronic inflammatory disease. The downregulation of ARNT2 within the spleen
suggests what may be a differential regulation or function of ARNT2 in one or more of the cell
types within the spleen (B cells, T cells, splenic macrophages, and dendritic cells) in comparison
to microglia, where LPS and IFN-γ stimulation suggested an upregulation of ARNT2 in vitro. A
cell specific analysis such as flow cytometer would better address ARNT2 expression in distinct
populations which may be changing in numbers, rather than relative expression changing within
a cell subset.
In contrast, the expression of ARNT2 within primary astrocytes was not altered after
treatment with TNF-α or IFN-γ. This indicates that ARNT2 may not be regulated by
inflammatory conditions within primary astrocytes, and may not be the drivers behind altered
ARNT2 expression in EAE. This differed from what was seen with the primary microglia. This
could be due to a functional difference of ARNT2 depending on its location and role.
Conversely, in the EAE model, GFAP positive astrocytes were found to significantly change
their expression of ARNT2 in comparison to healthy controls. ARNT2 was increased overall in
GFAP positive astrocytes but expression was the greatest in the astrocytes located in the grey
matter. This suggests a differential regulation of ARNT2, where the presence of degenerating
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neurons or factors that are present in the grey matter and less so in the white matter mediates
ARNT2 expression. While GFAP-negative astrocytes have indeed been localized to the spinal
cord, they were not included in our analyses175.
To our knowledge, this is the first study to characterize ARNT2 expression within
astrocytes and to describe its modulation in vivo. One study examined GFAP positive cells
within the substantia nigra and found that they did not express ARNT2176. Another study
examined ARNT2 expression in astrocytes in vitro and found low levels in mixed cortical
populations. However, the regulation and function were not explored177.
This study presents the novel finding that ARNT2 is expressed in GFAP staining
astrocytes in vivo and that expression is increased within these cells in EAE mice during chronic
inflammatory disease. This study is also the first to characterize ARNT2 expression within
microglia. The characterization of ARNT2 in both astrocytes and microglia under inflammatory
and neurodegenerative disease conditions suggests a protective role for the protein that could be
potentially targeted by novel therapeutics to alter disease onset and progression.

3.5

Limitations
This study looked at primary astrocytes and microglia and their expression of ARNT2 at

two time points (24 and 48 hours) in vitro. However, earlier time points should be considered to
see when the expression of ARNT2 actually begins to increase. As well, TNF-α stimulation was
only looked at in astrocytes but not in microglia. Similarly, only microglia were treated with LPS
while astrocytes were not. For continuity in the characterization of ARNT2 expression within
astrocytes and microglia, both need to be treated with LPS and TNF-α respectively. Another
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cytokine that is increased under neurodegenerative conditions includes IL-1β70. IL-1β could be
used to treat both astrocytes and microglia to characterize its effect on ARNT2 expression.
Our in vivo study only looked at ARNT2 expression in EAE mice late in disease. It
would be beneficial to see ARNT2 expression immunohistochemically in EAE mice that are
culled at peak or acute disease to see which cells are expressing ARNT2. This would strengthen
the correlation found between the upregulation of Arnt2 mRNA at peak disease with protein
expression (Unpublished data, Quandt Lab).
Another limitation of the in vivo study is that only GFAP positive astrocytes were taken
into consideration for analyses. The grey matter of the spinal cord consists of several
protoplasmic astrocytes178. However, these astrocytes did not stain positively for GFAP. These
astrocytes could be included for analysis by using different markers in future studies. In future
studies, SOX9 could be used in combination with GFAP to allow better distinction of astrocyte
staining, as GFAP is primarily found within the cytoplasm while SOX9 is a nuclear marker of
astrocytes. This would allow for the co-localization of the expression of ARNT2 within
astrocytes.
Although this study shows the upregulation of ARNT2 in astrocytes in vivo and microglia
in vitro, the functions and targets of ARNT2 as a transcription factor has not been characterized
in these cells.

3.6

Future directions
Although the upregulation of ARNT2 was seen under inflammatory conditions, further

studies need to be conducted to look at how these conditions affect ARNT2 target proteins. As
there was no prior description of ARNT2 expression within astrocytes, the potential transcription
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targets have yet to be identified. Potential binding partners for ARNT2 in astrocytes (outside of
potential homodimers) have not been identified to date. One likely downstream product based on
ARNT2 expression in neurons and an ARNT2 binding region in BDNF, is the growth factor
BDNF. This could be addressed by looking at the expression of BDNF by Western blot, qPCR,
or ELISA when microglia are treated with either LPS or IFN-γ. BDNF expression could be
correlated with ARNT2 expression by the silencing and overexpression of ARNT2 in both
astrocyte and microglial cultures to test the effects on BDNF transcription and translation.
Silencing the expression could be achieved by a knockdown with nanoparticles, viral
transfection, electroporation, or lipofectamine to deliver ARNT2-targetting siRNA.
Overexpression of ARNT2 could be achieved by the transfection of microglia with a vector
carrying the ARNT2 gene.
Our in vivo studies showed that ARNT2 expression could be modulated within
astrocytes. Consequently, other factors need to be tested in primary astrocytes to determine their
ability to influence ARNT2 expression. This includes factors that have been shown to drive the
activation of astrocytes that are apparent as stellation increases, such as isoproterenol, dibutyrylcAMP, ADP, and ATP179,180.
Previous studies have shown that ARNT2-knockout mice result in perinatal lethality181.
However, conditional knockout mice for ARNT2 could be generated where ARNT2 can be
temporally regulated using Cre-lox that has been combined with an estrogen receptor. This
would allow for temporal regulation through the injection of tamoxifen that would bind to the
estrogen receptor. This results in the translocation of the Cre-lox protein to the nucleus where the
Arnt2 gene will be cleaved, preventing expression. The functional role of ARNT2 in specific
cells such as astrocytes and neurons could also be furthered studied by using conditional
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knockout mice for ARNT2 by crossing a loxP-flanked Arnt2 mouse with another mouse where
Cre recombinase is inserted at a cell-specific promoter such as GFAP in astrocytes.
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Chapter 4: Receptor Mediated Endocytosis – 8 expression within the CNS
4.1

Introduction
Receptor mediated endocytosis-8 (RME-8), also known as Hsp40 homolog, subfamily C,

member 13 (DNAJ13), is a protein involved in vesicular trafficking. It uncoats clathrin-coated
vesicles and regulates receptor trafficking in early endosomes119. Silencing of RME-8 results in
the disruption of epidermal growth factor receptor and mannose-6-phosphate receptor mediated
endocytosis shown by irregular perinuclear clusters of the receptors as well as a decrease in the
ligands bound by these receptors122. In Caenorhabditis elegans RME-8 was found in
macrophage-like coelomocytes, where it co-localizes to the membrane of large endosomes with
endocytosis markers suggesting a possible function of RME-8 in phagocytic leukocytes124.
In a subset of hereditary adult-onset autosomal dominant Parkinson’s Disease, RME-8
was found to be the common mutated gene (p.(N855S)) between the individuals screened120.
This suggests that RME-8 may have a greater role in neurodegenerative diseases. RME-8
interacts with retromer proteins and the Wiskott-Aldrich syndrome protein and SCAR homolog
(WASH) complex, two group of proteins that when mutated have been associated with
neurodegenerative diseases122,123. This suggests that the role of these proteins is key to axonal
survival and function. A loss in RME-8 results in an increase in unsorted protein-containing
branched endosomal tubules further suggesting the importance of RME-8 in endosomal
trafficking182. The fibroblast-like COS7 cell line when transfected with the mutated copy of
RME-8 and treated with transferrin, a ligand dependent on receptor mediated endocytosis for
uptake, resulted in fewer internalized vesicles in comparison to cells with the wild type copy.
This indicates that the mutated copy of RME-8 resulted in a functional alteration that affected the
endosomal pathway. Notch – a protein important in cell fate, proliferation, and differentiation –
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can induce pathological cell signalling when RME-8 is depleted183. The Notch signalling
pathway has been found to play an important role in the differentiation of progenitor cells into
astrocytes184-186. The mutation of RME-8 has also been linked to essential tremor121. This further
suggests a role of RME-8 in neurological function. No previous studies of RME-8 have been
conducted within cells of the CNS to characterize its normal function or role in
neurodegenerative pathologies that are mediated by inflammation.
The study outlined below is a preliminary characterization of RME-8 expression by cells
of the CNS and also the functional role of RME-8 in primary murine microglia. Microglia were
treated with LPS or IFN-γ to assess the effects of pro-inflammatory stimuli on RME-8
expression. Microglial function was assessed by their ability to phagocytose particles. The role
of RME-8 in neurodegenerative disease was assessed in the complex in vivo setting of EAE, the
prototypical autoimmune demyelinating model of MS. Specifically, our study aims include to:
1. Examine whether the cytokines (TNF-α and IFN-γ) influence the expression of RME-8 in
primary astrocyte cultures.
2. Assess RME-8 function in primary microglia by the phagocytosis of dextran in wild type
and RME-8 mutant microglia.
3. Characterize EAE in wild type, heterozygous, and homozygous RME-8 mutant knock-in
mice for changes in the severity of clinical disease attributable to mutations.
4. Identify the spatial and temporal expression of RME-8 and its regulation in inflammatory
neurodegenerative disease using the EAE mouse model.
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4.2
4.2.1

Materials and methods
Primary microglia and astrocyte cultures
Primary microglia and astrocytes were cultured as previously described in chapter 2 and

3. CL57BL/6 mice that were heterozygous or homozygous for the p.(N855S) mutation in RME-8
(generously provided by Dr. Milnerwood) were used to supply RME-8 deficient microglia for
our primary cultures. The specificity of the RME-8 antibody was determined by the knockdown
of RME-8 expression using siRNA (Milnerwood Lab, unpublished data) that was confirmed by
the decrease in RME-8 expression in the COS7 cell line transfected with RME-8 by Western
blot.

4.2.2

Human cerebral microvascular endothelial cell line (hCMEC/D3) cultures
The hCMEC/D3 cell line was cultured according to previous studies187. The hCMEC/D3

cell line was seeded and cultured on type I collagen-coated plates in endothelial cell growth
medium-2 (EGM-2)(Lonza Group, Basel, CH), completed with 5% FBS (GE Healthcare, Little
Chalfont, UK), ascorbic acid (Sigma), penicillin-streptomycin (Gibco), hydrocortisone (Sigma),
chemically defined lipid concentrate, (Gibco) and HEPES (Sigma). The culture was grown until
cells were 90-95% confluent.

4.2.3

Primary mouse lung fibroblasts
Previous studies have shown RME-8 expression in fibroblasts119. Mr. Anthony Tam

generously provided a primary mouse lung fibroblast lysate established from explants for use as
a positive control in western blotting experiments.
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4.2.4

Oregon Green® dextran phagocytosis assay
A 10,000 molecular weight Oregon Green® conjugated dextran (Thermo Fisher) was

added at a concentration of 100 μg/mL to microglia that were used untreated or following
pretreatment with IFN-γ or LPS for 24 hours. Treatments were seeded in triplicate and cells were
incubated with the dextran for 6, 12, or 24 hours. The uptake of the fluorescently tagged dextran
was quantified using a Molecular Devices SpectraMax M2 microplate reader (Sunnyvale, CA)
that was used in chapter 3.

4.2.5

Flow cytometry
Microglia were analyzed for expression of phenotypic markers CD11b, CD11c, CD45,

inflammatory molecules MHC class I and II, CD39, CD40, CD80, and CD86 as previously
described in chapter 2. Briefly, microglia were reseeded to 6-well plates and stimulated for 24
and 48 hours with LPS or IFN-γ. Adherent microglia were then trypsinized and pooled with nonadherent microglia. The pooled samples were centrifuged and washed twice with PBS before
being resuspended in staining buffer (1% FBS plus 0.05% sodium azide in PBS). Cells were then
incubated with Fc block for 15 minutes before being incubated with fluorescently tagged
antibodies as described in chapter 2.2.3. Flow cytometry analysis was performed using a
MACSQuant flow cytometer (laser capability, seven color) (Miltenyi, Auburn, CA) and analyzed
using FlowJo software (Version 7.6.5; Treestar, Ashland, OR). Cells were gated on the basis of
size with forward and side scatter, excluding cell debris to establish the populations for analysis.
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4.2.6

Spleen lysates
Spleen lysates were prepared as previously described in chapter 3. Briefly, spleens were

harvested from healthy C57BL/6 adult mice or mice that were induced for EAE. Minced spleens
were further lysed in RIPA buffer and 0.05% protease inhibitor cocktail by passing the tissue up
and down through a 21-gauge needle 20 times on ice. Subsequent samples were centrifuged, the
supernatant was decanted and collected in another tube, and immediately frozen at -20°C.

4.2.7

Lysate preparation and protein quantification
Primary cell lysates were prepared and quantified as previously described in chapter 3.

Briefly, treated cells were washed once in PBS and were immediately incubated with RIPA
buffer and 0.05% protease inhibitor cocktail. The wells were placed on ice and scraped using
mini cell scrapers. The lysates were collected and further lysed by pipetting up and down 15
times. Samples were centrifuged and the supernatant was collected and frozen at -20°C.
A BCA protein assay was used to quantify sample protein concentrations. In duplicate,
5μL of each sample or BSA standard of known concentration was added to a 96-well plate with
95 μL of a bicinchoninic acid and copper (II) sulphate solution. Plates were then incubated at
37°C for 30 minutes. A SpectraMax M2 microplate reader was used to measure the absorbances
at 570nm.

4.2.8

SDS-PAGE and Western blot
SDS-PAGE and Western blot were conducted as previously described in chapter 3. For

every experiment, an equal amount of protein was loaded onto the gel. Lysates were mixed with
loading buffer and DTT and heated to 95°C for 5 minutes before being loaded into a 10% SDS
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gel and transferred to nitrocellulose membrane. The membranes were incubated with primary
antibodies against RME-8 (generously given to us by Dr. Milnerwood) at a 1 in 400 dilution or
GAPDH at a 1 in 2000 dilution. After incubation with the primary antibodies, the membranes
were washed and incubated with an HRP-conjugated secondary antibody (Jackson
ImmunoResearch Labs, Baltimore Pike, PA). The blots were then incubated with BioRad
Western ECL Substrate Kit.

4.2.9

EAE induction
Drs. Austen Milnerwood and Matthew Farrer generously provided RME-8 mutant knock-

in transgenic mice. Briefly, mutant RME-8 knock-in mice were generated using FLP-FRT
recombination. An FRT-flanked neomycin cassette containing the human RME-8 gene was
inserted on chromosome 9 in C57BL/6 template mice between exons 22 and 23. A cassette
containing the human N855S mutated RME-8 gene was introduced into exon 24. Using Cre-lox
recombinase, wild type exons 23-56 were deleted. The human Rme-8 gene is 82% homologous
to the Rme-8 gene found in mice188. With the Rme-8 gene being similar in sequence between
both mouse and human, we expect the functionality of the protein to be the same between
species. The RME-8 mutant mice were used to characterize the functional role of the protein
under inflammatory neurodegenerative disease conditions using the RME-8 mutation to
represent a loss of function. The RME-8 mutation has been previously shown to have a loss of
function by the accumulation of intracellular vesicles in RME-8 mutant cortical neurons
(Milnerwood lab, Unpublished data).
EAE was induced in 12-13 week old male C57BL/6 mice that were either wild type,
heterozygous or homozygous for the RME-8 mutation. Mice received 50 µL subcutaneous
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injections of a myelin oligodendrocyte glycoprotein peptide 35-55(MOG 35-55)
(MEVGWYRSPFSRVVHLYRNGK; Stanford Pan Facility, Stanford, CA) and complete
Freund’s adjuvant (CFA) emulsion in four different locations on their back and rear flanks, for a
total of 200 µL. Each 200 μL of the emulsion contained 200 μg of MOG in 100 μL of PBS and
100 μL of 8 mg/mL H37Ra Mycobacterium tuberculosis (Difco Laboratories, Detroit, MI)
emulsified in incomplete Freunds adjuvant. Mice were then injected intraperitoneally with 200
ng of pertussis toxin (List Biologicals, Campbell, CA) and again 2 days later. Clinical disease
was monitored over 90 days with daily scoring of motor symptoms related primarily to
ascending paralysis. The examiner was blinded to the phenotype of the mice until the end of the
study.

4.2.10 Immunohistochemistry
Immunohistochemistry was done as previously described in chapter 3.2.5. Healthy nonimmunized mice and EAE mice were culled 90 days post EAE induction. Mice were perfused
and fixed with formalin. Spinal cords were isolated from healthy and EAE induced mice and the
vertebrae were removed before being washed and transferred into 30% sucrose. The spinal cords
were cut into four equal quarters. Spinal cords were cryosectioned at 8 μm in thickness and were
stained for RME-8, MAP2, CD68, and GFAP. MAP2 was used to stain for neurons, CD68 for
macrophages, and GFAP for astrocytes.
Three regions of the spinal cord (cervical/thoracic, lumbar, and sacral) were qualitatively
analyzed from four EAE mice and two healthy controls. Images were acquired using fluorescent
and phase contrast microscopy with a Zeiss Axio Observer Z1 microscope with Zen 2 acquisition
and analysis software (Version2.0.0.0, Oberkochen, DE). The entire spinal cord from each of the
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three regions of the spinal cord from two healthy and four EAE mice were analyzed to discern
whether RME-8 was observed in GFAP positive astrocytes, MAP2 positive neurons, CD68
positive macrophages, or ependymal cells lining the central canal or in non-characterized cells
associated with inflammatory infiltrates. Where RME-8 staining was detected in a specific cell
type or region, positivity was reported as present or absent. Individual filter channels were
analyzed for the localization of RME-8 expression with cell specific markers.

4.2.11 Statistical analysis
Both the phagocytosis assay data and Western blot data were analyzed using an unpaired
t test. RME-8 expression by astrocytes was analyzed by a one-way ANOVA with a Tukey’s
multiple comparisons test. The EAE cumulative scores were analyzed using a one-way ANOVA
with a Tukey’s multiple comparisons test. Statistical significance was determined as a p value of
less than 0.05. All statistical analysis was done using GraphPad Prism 4 (GraphPad Software,
Inc., San Diego, CA, USA).

4.3
4.3.1

Results
RME-8 is highly expressed in primary microglia
Preliminary Western blot analysis of primary cell cultures showed that microglia had

constitutively the highest relative expression of RME-8 in comparison to primary astrocytes,
cortical neurons, and the hCMEC/D3 cell line (Figure 4.1a). Microglial expression was 1.8-fold
higher than astrocytes, which were the second highest RME-8 expressing cell (Figure 4.1b). The
hCMEC/D3 cell line and murine cortical neurons had 1.3 and 4.1-fold less RME-8 expression
than microglia respectively. Previous studies have shown high levels of RME-8 expression in
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Figure 4.1 RME-8 is expressed in several CNS related cell types. (a) Preliminary data suggests primary mouse
cortical neurons, microglia, and astrocytes, and the hCMEC/D3 cell line all express RME-8 in comparison to the
fibroblast positive control. (b) Microglia had the highest expression of RME-8, followed by the hCMEC/D3 cell line
and astrocytes. The cortical neurons had the lowest expression. Equal protein was loaded for each cell type with
RME-8 being normalized to GAPDH expression for each cell type in 4.1(b). (n=1).
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fibroblasts-like cells therefore primary mouse lung fibroblasts were used as a positive control for
our study120.

4.3.2

Microglia derived from wild type and RME-8 mutant knock-in mice react similarly

to treatment with LPS and IFN-γ
Primary microglia cultured from homozygous RME-8 mutant knock-in mice and wild
type mice were treated with either LPS or IFN-γ for 24 and 48 hours (Figure 4.2) to model
responses to mediators that are typically described as drivers of microglia activation in infectious
or inflammatory disease settings. Preliminary data suggest that phenotypic markers CD11b,
CD11c, and CD45 did not differ in expression in untreated and treated cells 24 and 48 hours post
treatment. Inflammatory markers CD39, CD40, CD80, CD86, MHC class I and II also did not
differ in expression between the RME-8 mutant knock-in and wild type microglia after 24 and 48
hours of stimulation. Stimulus specific CD40, CD80, and CD86 were similarly increased
accordingly in RME-8 mutant knock-in microglia, as observed in microglia established from
wild type animals (particularly as observed in chapter 2.3.3 after treatment with IFN-γ)

4.3.3

RME-8 deficient microglia have reduced ability to phagocytose Oregon Green®

dextran
Homozygous RME-8 mutant knock-in microglia showed a significant reduction in the
uptake of Oregon Green® dextran in comparison to wild type microglia (Figure 4.3). At 6 and 12
hours of treatment with dextran, there were no significant changes seen in dextran uptake across
all treatment groups. Dextran uptake peaked at 24 hours for wild type microglia while

79

Figure 4.2 Wild type and RME-8 mutant knock-in microglia exhibit no change in inflammatory marker
expression patterns. Preliminary data show wild type and homozygous RME-8 mutant microglia specifically
upregulated phenotypic and inflammatory markers after stimulation with LPS or IFN-γ after 24 and 48 hours of
exposure. Upregulation in markers were similar to what was seen in chapter 2.3.3. (n=1)
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Figure 4.3 RME-8 mutant microglia have decreased phagocytosis of Oregon Green® dextran. (a) RME-8
mutant mice had a significant increase in internalized dextran independent of treatment with LPS or IFN-γ in
comparison to wild type microglia by 24 hours of exposure (p<0.05). Unpaired T-test. Standard deviation. (n=2). (b)
Preliminary data show that RME-8 heterozygous mutant microglia have intermediate fluorescence intensity with
fluorescence being highest in wild type microglia and lowest in homozygous mutant microglia. Standard deviation
between triplicates. (n=1)
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homozygous RME-8 mutant microglia showed similar uptake from 6 to 24 hours. Untreated wild
type microglia had a fluorescence intensity that was 2-fold higher in comparison to RME-8
mutant microglia at 24 hours. Preliminary data suggests the reduction in dextran uptake in
heterozygous RME-8 mutant knock-in microglia. Microglia treated with LPS or IFN-γ did not
have a significant change in baseline dextran uptake. However, a significant decrease in uptake
was still observed between homozygous mutant RME-8 knock-in microglia in comparison to
wild type independent of treatment with LPS or IFN-γ. LPS-treated wild type microglia had a
fluorescence intensity that was nearly 2-fold higher in comparison to RME-8 mutant microglia.
Similarly, IFN-γ treated wild type microglia had a fluorescent intensity that was nearly 2-fold
higher than RME-8 mutant microglia.

4.3.4

RME-8 expression remains constant in EAE-induced mouse spleens
Western blotting of splenic lysates collected from EAE-induced mice at peak disease

showed no significant change in RME-8 expression in comparison to healthy controls (Figure
4.4). Similarly, CFA treated mouse spleens had no significant change in RME-8 expression in
comparison to healthy control spleens.

4.3.5

Neither TNF-α nor IFN-γ affect RME-8 expression in astrocytes

Primary astrocytes were treated with TNF-α or IFN-γ and were analyzed for RME-8 expression
by Western Blot (Figure 4.5). There was no significant change in RME-8 expression seen after
24 or 48 hours of stimulation with either cytokine in comparison to untreated astrocytes.
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Figure 4.4 No changes in RME-8 expression was seen between healthy, CFA only, and EAE mouse spleens.
(a) RME-8 expression did not change between EAE and healthy spleens or (b) CFA and healthy spleens. (c) RME-8
expression in EAE spleens was not significantly different in healthy spleens. (d) CFA spleens were not significantly
different in RME-8 expression in comparison to healthy spleens (Unpaired T test). Average with standard deviation.
RME-8 expression was normalized to GAPDH. (n=5 for healthy, n=7 for EAE, and n=4 for CFA spleens)
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Figure 4.5 Inflammatory cytokines IFN-γ and TNF-α did not alter RME-8 expression in astrocytes. (a) No
change in RME-8 expression was seen between astrocytes treated with IFN-γ or TNF-α in comparison to the healthy
controls at 24 and 48 hours. (b) At 24 hours, the relative expression of RME-8 was not significantly different
between untreated and IFN-γ and TNF-α treated astrocytes respectively. No change in expression was observed at
48 hours across all treatment groups. One-Way ANOVA with Tukey Post Comparison Test. Average with standard
deviation. (n=3).
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4.3.6

RME-8 mutant mice tend to have less severe clinical disease when immunized for

EAE
Heterozygous and homozygous mutant RME-8 knock-ins and wild type mice immunized
and induced for EAE had peak disease around day 17 (Figure 4.6). There was no change in day
of disease onset between RME-8 knock-in and wild type mice where clinical symptoms were
observed roughly around the same time. Heterozygous and homozygous knock-in mutant RME-8
mice appeared to have lower average disease severity with an average disease score of 2.87 and
2.90 respectively in comparison to wild type EAE induced mice that had a score of 3.36.
However this study was not sufficiently powered in order to be able to draw conclusions about
the significance of the change.

4.3.7

RME-8 is expressed in neurons, astrocytes, and ependymal cells in healthy spinal

cord tissue and in CD68 positive immune infiltrates in EAE mice
In healthy mice, RME-8 was expressed in GFAP positive astrocytes (Figure 4.7). RME-8
was also expressed by motor neurons with the majority of the expression being seen throughout
the soma. Ependymal cells lining the central canal showed intense staining for RME-8. In a
parallel analysis of spinal cords from EAE mice, preliminary results suggest RME-8 expression
intensity was increased in astrocytes within the white matter (Figure 4.7f). However, a more
quantitative assessment and analysis are required.
CD68 positive cells were not present in healthy mouse spinal cords (Figure 4.8a). In
regions of immune infiltrates, RME-8 expression occasionally co-localized with immune
infiltrates, specifically CD68 cells (Figure 4.8b).
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Figure 4.6 EAE disease scores were decreased in RME-8 mutant knock-in mice. Heterozygous and homozygous RME-8 mutant mice tended to have lower
disease severity in comparison to wild type EAE induced mice. Wild type mice had an average disease score of 3.36 ± 0.10, and 2.87 ± 0.09, and 2.90 ± 0.23 in
the heterozygous and homozygous RME-8 mutant mice. Average with standard error of the mean. (n=6 for wild type, n=8 for heterozygous, n=5 for
homozygous).
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Figure 4.7. Neurons, astrocytes, and ependymal cells express RME-8. (a) RME-8 is expressed by several cells within the spinal cord of healthy mice such as
(b) GFAP positive astrocytes (green), (c) MAP2 positive neurons (red), and (d) ependymal cells. (e) RME-8 expression appears to be enhanced in EAE spinal
cords in (f) astrocytes and (g) neurons. In mice from each treatment group, one section from each of the cervical/thoracic, lumbar, and sacral region was
analyzed. (n=2 for healthy; n=4 for EAE)
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Figure 4.8. CD68 positive cells express RME-8. (a) Healthy spinal cords contained no cells positive for CD68. (b)
CD68 positive immune infiltrates localizes with RME-8 expression in EAE mouse spinal cords (white arrows). (n=2
for healthy; n=4 for EAE)
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4.4

Discussion
RME-8 has previously been shown to play a role in neurological function where

mutations within the Rme-8 gene resulted in both Parkinson’s disease and essential tremor120,121.
However, the characterization of this protein in specific cell types of the CNS has yet to be
investigated. This study characterized the expression and function of RME-8 in microglia and
established the expression in primary cortical neurons, astrocytes, and the hCMEC/D3 cell line.
RME-8 was found to be ubiquitously expressed by all primary cells tested, with the highest
expression of RME-8 being observed in microglia, followed by astrocytes. This suggests that
RME-8 may play a role in functionality of cells within the CNS, especially in glial cells or may
simply be influenced by the inflammatory mediators at the time: a functional role as opposed to
an association would need to be investigated.
RME-8 mutant microglia show a similar response to wild type microglia when treated
with either of the inflammatory mediators tested, LPS and IFN-γ. However, the phagocytosis of
Oregon Green® dextran was decreased in homozygous mutant RME-8 knock-ins. This suggests
that RME-8 plays a role in phagocytosis in microglia. Dextran is able to be bound by the
mannose receptor for its uptake into immune cells189,190. The mannose receptor plays a crucial
role in the activation of the innate and adaptive immune systems where the receptor is able to
recognize terminal mannose, N-acetylglucosamine and fucose residues on glycans attached to
proteins (glycoproteins) found on several bacteria191. The uptake of the mannose receptor and its
ligand is determined by receptor-mediated endocytosis192-194. Taken together, this suggests that
this mutation in RME-8 directly or indirectly impairs the uptake and endosomal trafficking of the
mannose receptor. This is consistent with previous studies where endosomal-mediated receptors
such as the mannose 6-phosphate receptor or epidermal growth factor receptor, have defective
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recycling and uptake when RME-8 is non-functional122. This is also consistent with a previous
study where RME-8 was found to play an important functional role in macrophage-like
coelomocytes124.
In preliminary studies using the EAE mouse model, the defined mutation in the RME-8
gene is associated with a trend to decreased disease severity in comparison to wild type mice.
However, significance cannot be drawn from the conclusions, as the study was not powered to
detect the small differences observed in disease severity. The decrease in EAE score observed
could be attributed to a lack of MOG phagocytosis and subsequent antigen presentation during
disease induction. MOG is a glycoprotein expressed by oligodendrocytes and is found in
myelin195; and is an essential component in inducing EAE. The development of a T cell response
against MOG is essential for MOG EAE requiring sufficient uptake of the protein for antigen
presentation and T cell activation. Subsequent myelin uptake via the mannose receptor has been
shown in microglia and macrophages196. Consequently, since RME-8 plays a role in the
endosomal trafficking of mannose receptor-mediated uptake, the possible decrease in disease
severity observed could be possibly due to the lack of MOG uptake by antigen presenting cells
resulting in an attenuated immune response. Since the EAE model requires the generation of
myelin-specific autoreactive T cells to help drive disease pathogenesis197, without adequate
antigen uptake and antigen presentation, fewer activated autoreactive T cells would be produced.
One must also consider the role microglia play in the process of CNS repair via the uptake and
clearance of myelin debris to allow for the remyelination of axons26. A lack of MOG uptake for
antigen presentation would translate to a limited disease severity, reducing the need for
phagocytosis-mediated repair within the CNS.
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Neurons, astrocytes, and ependymal cells in healthy spinal cords expressed RME-8. This
suggests that endosomal trafficking by RME-8 of proteins and molecules in and out of the cell is
important to the function of these cells. The constitutive expression of RME-8 in astrocytes,
neurons, and ependymal cells with a potential increase in RME-8 expression in EAE mice
further implicates RME-8 in the CNS response to insult or injury. Ependymal cells line the
central canal and are involved in the production and movement of cerebrospinal fluid to clear
metabolic waste from cellular interstitial fluid surrounding tissues9. Consequently, an increase in
RME-8 expression in ependymal cells may illuminate a role for RME-8 in the clearance of toxic
metabolites formed from damaged neurons, infiltrating immune cells, and activated microglia
and astrocytes. RME-8 expression within neurons may be essential to the shuttling of proteins
throughout the axon necessary for neuronal function. Subsequent damage to the axon in EAE
mice and the upregulation of RME-8 may suggest a compensatory mechanism to shuttle
neurotrophic factors or other proteins needed for axonal function and perhaps even regeneration.
Immune infiltrates were only seen in EAE spinal cords and were frequently CD68
positive with the rest of the cells possibly being T or B cells. CD68 positive cells also colocalized with RME-8 expression. CD68 is expressed primarily by macrophages but is also
expressed by microglia48,198. The co-localization of CD68 with RME-8 could suggest the type of
function and role that the immune cell has in disease where the phagocytosis of myelin and
cellular debris could be enhanced in these RME-8 positive cells.
Our study has shown that alterations in RME-8 can alter the phagocytic potential of
microglia. Primary cortical neurons, astrocytes, and the hCMEC/D3 cell line express RME-8.
Our in vivo study suggests potential differences in disease severity between wild type and RME-
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8 mutant mice induced for EAE. Together these studies highlight what may be an important role
for RME-8 in the CNS under healthy and inflammatory conditions.

4.5

Limitations
A limitation to this study is that the RME-8 mutation introduced into the mice has yet to

be completely characterized for its functionality and whether or not this mutation results in a
gain or loss of function and to what degree. Instead, a partial and complete knockdown of RME8 in wild type microglia using siRNA would be a preferred model to characterize the function of
RME-8 for in vitro studies.
A cell specific conditional RME-8 knockout mouse would be most effective to see the
influence on disease within the CNS in a better-defined setting. As well, if the RME-8 mutant
knock-in mice are unable to phagocytose and present the MOG antigen to T cells, the disease
severity could vary drastically in comparison to wild type mice. Consequently, this would make
studying the effect of the loss of RME-8 function and how this affects the repair process within
the CNS under inflammatory conditions difficult if the EAE induction is already limited. A
passive model of EAE where T cells are removed and treated ex vivo with MOG before being
reintroduced back into a naive animal could potentially resolve how the processes of priming
versus the effector phases of disease are affected. Another method would be to use an inducible
Cre-lox recombination system where RME-8 knockdown could be induced after EAE induction.

4.6

Future directions
We characterized the functionality of RME-8 using RME-8 mutant knock-in mice. For

our studies, we used a mutated copy of the RME-8 gene that was already available in the
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laboratory of collaborators to investigate the possible role of RME-8 in phagocytosis and
associated contributions to EAE. The RME-8 mutation has been previously described as having
a loss of function where cytoplasmic accumulations of vesicles are seen in cortical neurons
carrying the RME-8 mutation (Milnerwood Lab, Unpublished data). However, another
experiment using a complete knockdown in comparison to a partial knockdown of RME-8 using
siRNA delivered by nanoparticles, lipofectamine, viral vector, or electroporation would validate
and expand upon our data generated using the RME-8 mutant microglia for a true assessment of
RME-8 function.
The overexpression of functional RME-8 in microglia and its effect on cell function and
response to inflammatory mediators should also be characterized further.
The role of RME-8 in the internalization of the mannose receptor could be confirmed by
using fluorescently tagged anti-mannose receptor antibodies to specifically induce the uptake of
the receptor in RME-8 knockdown and untreated microglia.
Antigen presentation plays an important role in the EAE model to initiate disease through
the uptake and presentation of the MOG peptide on the MHC class II molecule for binding and
activation of T cells via CD4 stimulation. This results in the formation of autoreactive T cells
and the initiation of inflammation and disease. To test the role of RME-8 in antigen presentation,
a co-culture with ovalbulmin-specific T cell receptor transgenic OT-I or OT-II T cells could be
used to assess the efficiency of antigen presentation by MHC class I and II in microglia
respectively with and without a knockdown in RME-8.
Previous studies have shown RME-8 interacts with cell membrane remodeling proteins,
which may suggest a possible role for the protein in the formation of lamellipodia. Cell migration
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assays using transwell membranes with ATP, a known chemoattractant of microglia, could be
used to further assess the importance of RME-8 within microglia.
Our preliminary EAE study suggests the RME-8 mutant knock-in mice had decreased
disease severity. However, the study was not sufficiently powered to be able to see a significant
change. Therefore, the study could be repeated using a sufficient number of mice. Using the
preliminary data set generated, a sample size of 24 mice is required in each sample group in
order to reach a power of 80% with a type 1-error rate of 5%. Furthermore, with the mutation in
place throughout the induction, priming and effector phases of disease, it was not possible to see
whether reduced priming or reduced demyelination may be behind a trend towards reduced
disease. Because the peak disease at acute stages was however, rather similar, one is tempted to
infer that differences exist at the level of recovery from the acute demyelinating event.
Lastly, although the spleen was analyzed for changes in RME-8 expression in healthy and
EAE mice, RME-8 expression and function could still be characterized in other immune cells,
most notably, phagocytic cells. As our data suggested that RME-8 plays a role in phagocytosis,
peripheral blood mononuclear cells (PBMCs) could be isolated and analyzed for changes in
RME-8 expression as peripheral blood contains neutrophils, monocytes, and a few dendritic
cells, which are all able to phagocytose.
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Chapter 5: Conclusion
5.1

Summary
Microglia play an integral role in the modulation of disease pathogenesis in several

inflammatory neurodegenerative diseases including MS. In these diseases, microglial activation
and subsequent release of inflammatory cytokines and ROS, along with an increase in
phagocytosis, has been thought to play a role in disease severity. However, several studies have
shown that the microglia-mediated phagocytosis and clearance of cellular debris by microglia
under neurodegenerative conditions is important in the reparative process of the CNS26.
Consequently, the study of microglia is important for a better understanding of their role and
function in disease, and how experimentally modulating protein expression within these cells can
alter their function. This will give a better insight into the characterization of the possible roles
for these proteins in influencing microglial contributions to disease onset or progression.
In this study, primary microglial cell cultures were grown using GM-CSF to potentiate
the proliferation of microglia from embryonic mouse tissue. The characterization of these cells
showed a microglial cell phenotype with a low expression of inflammatory molecules similar to
microglia in vivo confirming their relevance for use in analyses. Our subsequent studies showed
that LPS and IFN-γ stimulation resulted in the upregulation of T cell co-stimulatory molecules
CD40, CD80, and CD86. Along with the upregulation of these inflammatory molecules, LPS
also increased IL-6, IL10, TNF-α, and CCL2 release. Our untreated GM-CSF cultured microglia
were found to be negative for Iba-1 which indicates that our cultured microglia were not
activated in nature, making these cells a good model for immune modulating studies. The
addition of IL-4 to our cultures with GM-CSF did not significantly change the phenotype of the
GM-CSF cultured microglia. This showed that the addition of GM-CSF to our microglia did not
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significantly alter their inflammatory profile and that our cells were in a naïve, non-differentiated
state comparable to their in vivo counterparts.
Using our primary microglial model, we investigated two proteins: the transcription
factor ARNT2 and the endosomal trafficking protein RME-8. ARNT2 was expressed in
microglia and splenocytes. LPS and IFN-γ were both shown to independently upregulate ARNT2
expression in microglia. In EAE-induced mice, ARNT2 expression decreased in splenocytes of
CFA immunized and EAE mice in comparison to healthy control spleens. Taken together, our
work suggests that ARNT2 expression is differentially immunoregulated in microglia and also in
the immune periphery, but not across all glia, as astrocytes did not respond similarly.
RME-8 was highly expressed in microglia in comparison to other cells of the CNS.
RME-8 mutant knock-in microglia showed no change in expression of phenotypic markers
CD11b, CD11c, and CD45, and inflammatory markers CD39, CD40, CD80, and CD86 in
comparison to wild type microglia. This suggests that this mutation in RME-8 does not seem to
influence the inflammatory potential of microglia. However, the receptor-mediated phagocytosis
of Oregon Green® conjugated dextran, a ligand of the mannose receptor, was decreased in
RME-8 mutant knock-in microglia. This suggests that RME-8 plays a functional role in antigenuptake and processing in microglia via the mannose receptor.

5.2

Impact
Previously established protocols for culturing microglia relied on a considerable starting

amount of nervous tissue in order to yield a relatively small culture of microglia. This
considerably hinders the studies that can be conducted using microglia. Our novel method of
adding GM-CSF, a growth factor of myeloid derived cells, when culturing primary microglia
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overcame these limitations and allowed for large, pure yields of microglia to be cultured. As
well, our method for culturing microglia suggests a relatively non-differentiated phenotype in
comparison to microglial cell lines. The BV-2 cell line had a constitutively higher expression of
CD86 and a low secretion of IL-6 and IL-10 further highlighting the differences in their response
to inflammatory mediators in comparison to primary microglia.
We are the first to have characterized the expression of ARNT2 and some means by
which it is regulated in glia. ARNT2 expression was significantly enhanced in EAE mouse
astrocytes. To our knowledge, our study is the first to describe the expression of ARNT2 in
immune cells and how it may be regulated. LPS and IFN-γ increased ARNT2 expression in
microglia. In both EAE and CFA treated mouse spleens, ARNT2 expression was decreased in
comparison to healthy controls. We found that a few select inflammatory mediators could drive
ARNT2 expression, which suggests a role for the protein in immune cell responses to the
activation of the adaptive and innate immune systems. IFN-γ is primarily secreted by Th1 cells,
cytotoxic T cells, and NK cells suggesting that IFN-γ mediated upregulation of ARNT2 in
microglia is a response to the activation of the adaptive immune system where microglia
stimulated secondary to T cell activation199. LPS, a component of gram-negative bacterial cell
walls, would bind directly and signal through TLR-4 of microglia during infections of the CNS,
activating the innate immune response200. Targeting ARNT2 and its functional role in
transcription could improve the transcription of neuroprotective factors, such as BDNF,
important to neuronal health, subsequently improving axonal stability, limiting disease severity,
and slowing or halting onset and progression of neurodegenerative diseases.
Similarly, this is the first in-depth study of RME-8 and its role within cells of the CNS.
We demonstrated RME-8 plays a role in microglial phagocytosis, and believe the targeting of the
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RME-8 pathway could help improve the efficacy of microglial clearance of cellular debris and
repair of lesions in various neurodegenerative diseases, traumas, and infections. RME-8 could
potentially also play a role in neurodevelopment where synaptic pruning by phagocytosis is
crucial for neuronal function128,129.
Microglia and astrocytes are two glial cells that have been shown to play a crucial role in
the repair and restoration of the CNS after injury. ARNT2 and RME-8 are two possible
neuroprotective proteins that function through the transcription of the neuronal growth factor
BDNF and the uptake and regulation of the endosomal pathway respectively. The ubiquitous
expression of ARNT2 and RME-8 throughout the CNS suggests an important role for these
proteins in cellular function. This study is novel as it is the first to characterize the expression of
both proteins in microglia and astrocytes and their possible role in neuroprotection by limiting
disease onset and progression in vivo and in vitro. By furthering our understanding of basic
repair processes in the CNS, we are better able to target and enhance these pathways with novel
therapeutics to help influence the onset and progression of disease.
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